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Attribution-NonCommercial-ShareAlike 4.0 International
License Agreement

Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International Public
License

By exercising the Licensed Rights (defined below), You accept and agree to be bound by the terms
and conditions of this Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International
Public License ("Public License"). To the extent this Public License may be interpreted as a contract,
You are granted the Licensed Rights in consideration of Your acceptance of these terms and
conditions, and the Licensor grants You such rights in consideration of benefits the Licensor receives
from making the Licensed Material available under these terms and conditions.

Section 1 — Definitions.

a. Adapted Material means material subject to Copyright and Similar Rights that is derived
from or based upon the Licensed Material and in which the Licensed Material is translated,
altered, arranged, transformed, or otherwise modified in a manner requiring permission
under the Copyright and Similar Rights held by the Licensor. For purposes of this Public
License, where the Licensed Material is a musical work, performance, or sound recording,
Adapted Material is always produced where the Licensed Material is synched in timed
relation with a moving image.

b. Adapter's License means the license You apply to Your Copyright and Similar Rights in Your
contributions to Adapted Material in accordance with the terms and conditions of this Public
License.

c. BY-NC-SA Compatible License means a license listed at
creativecommons.org/compatiblelicenses, approved by Creative Commons as essentially the
equivalent of this Public License.

d. Copyright and Similar Rights means copyright and/or similar rights closely related to
copyright including, without limitation, performance, broadcast, sound recording, and Sui
Generis Database Rights, without regard to how the rights are labeled or categorized. For
purposes of this Public License, the rights specified in Section 2(b)(1)-(2) are not Copyright
and Similar Rights.

e. Effective Technological Measures means those measures that, in the absence of proper
authority, may not be circumvented under laws fulfilling obligations under Article 11 of the
WIPO Copyright Treaty adopted on December 20, 1996, and/or similar international
agreements.

f. Exceptions and Limitations means fair use, fair dealing, and/or any other exception or
limitation to Copyright and Similar Rights that applies to Your use of the Licensed Material.

g. License Elements means the license attributes listed in the name of a Creative Commons
Public License. The License Elements of this Public License are Attribution, NonCommercial,
and ShareAlike.

h. Licensed Material means the artistic or literary work, database, or other material to which
the Licensor applied this Public License.
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i. Licensed Rights means the rights granted to You subject to the terms and conditions of this
Public License, which are limited to all Copyright and Similar Rights that apply to Your use of
the Licensed Material and that the Licensor has authority to license.

j. Licensor means ReliaSoft Corporation, 1450 Eastside Loop, Tucson, AZ 85710.

k. NonCommercial means not primarily intended for or directed towards commercial
advantage or monetary compensation. For purposes of this Public License, the exchange of
the Licensed Material for other material subject to Copyright and Similar Rights by digital
file-sharing or similar means is NonCommercial provided there is no payment of monetary
compensation in connection with the exchange.

I.  Share means to provide material to the public by any means or process that requires
permission under the Licensed Rights, such as reproduction, public display, public
performance, distribution, dissemination, communication, or importation, and to make
material available to the public including in ways that members of the public may access the
material from a place and at a time individually chosen by them.

m. Sui Generis Database Rights means rights other than copyright resulting from Directive
96/9/EC of the European Parliament and of the Council of 11 March 1996 on the legal
protection of databases, as amended and/or succeeded, as well as other essentially
equivalent rights anywhere in the world.

n. You means the individual or entity exercising the Licensed Rights under this Public License.
Your has a corresponding meaning.

Section 2 - Scope.

a. License grant.

1. Subject to the terms and conditions of this Public License, the Licensor hereby grants
You a worldwide, royalty-free, non-sublicensable, non-exclusive, irrevocable license
to exercise the Licensed Rights in the Licensed Material to:

A. reproduce and Share the Licensed Material, in whole or in part, for
NonCommercial purposes only; and

B. produce, reproduce, and Share Adapted Material for NonCommercial
purposes only.

2. Exceptions and Limitations. For the avoidance of doubt, where Exceptions and
Limitations apply to Your use, this Public License does not apply, and You do not
need to comply with its terms and conditions.

3. Term. The term of this Public License is specified in Section 6(a).

4. Media and formats; technical modifications allowed. The Licensor authorizes You to
exercise the Licensed Rights in all media and formats whether now known or
hereafter created, and to make technical modifications necessary to do so. The
Licensor waives and/or agrees not to assert any right or authority to forbid You from
making technical modifications necessary to exercise the Licensed Rights, including
technical modifications necessary to circumvent Effective Technological Measures.
For purposes of this Public License, simply making modifications authorized by this
Section 2(a)(4) never produces Adapted Material.

5. Downstream recipients.

A. Offer from the Licensor — Licensed Material. Every recipient of the Licensed
Material automatically receives an offer from the Licensor to exercise the
Licensed Rights under the terms and conditions of this Public License.

B. Additional offer from the Licensor — Adapted Material. Every recipient of
Adapted Material from You automatically receives an offer from the
Licensor to exercise the Licensed Rights in the Adapted Material under the
conditions of the Adapter’s License You apply.
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C. No downstream restrictions. You may not offer or impose any additional or
different terms or conditions on, or apply any Effective Technological
Measures to, the Licensed Material if doing so restricts exercise of the
Licensed Rights by any recipient of the Licensed Material.

6. No endorsement. Nothing in this Public License constitutes or may be construed as
permission to assert or imply that You are, or that Your use of the Licensed Material
is, connected with, or sponsored, endorsed, or granted official status by, the
Licensor or others designated to receive attribution as provided in Section
3@)(A)(A)).

b. Other rights.

1. Moral rights, such as the right of integrity, are not licensed under this Public License,
nor are publicity, privacy, and/or other similar personality rights; however, to the
extent possible, the Licensor waives and/or agrees not to assert any such rights held
by the Licensor to the limited extent necessary to allow You to exercise the Licensed
Rights, but not otherwise.

2. Patent and trademark rights are not licensed under this Public License.

3. Tothe extent possible, the Licensor waives any right to collect royalties from You for
the exercise of the Licensed Rights, whether directly or through a collecting society
under any voluntary or waivable statutory or compulsory licensing scheme. In all
other cases the Licensor expressly reserves any right to collect such royalties,
including when the Licensed Material is used other than for NonCommercial
purposes.

Section 3 - License Conditions.
Your exercise of the Licensed Rights is expressly made subject to the following conditions.

a. Attribution.

1. If You Share the Licensed Material (including in modified form), You must:

A. retain the following if it is supplied by the Licensor with the Licensed
Material:

i identification of the creator(s) of the Licensed Material and any
others designated to receive attribution, in any reasonable manner
requested by the Licensor (including by pseudonym if designated);

ii. a copyright notice;

iii.  anotice that refers to this Public License;
iv.  anotice that refers to the disclaimer of warranties;
v. aURIlor hyperlink to the Licensed Material to the extent reasonably
practicable;
B. indicate if You modified the Licensed Material and retain an indication of
any previous modifications; and
C. indicate the Licensed Material is licensed under this Public License, and
include the text of, or the URI or hyperlink to, this Public License.

2. You may satisfy the conditions in Section 3(a)(1) in any reasonable manner based on
the medium, means, and context in which You Share the Licensed Material. For
example, it may be reasonable to satisfy the conditions by providing a URI or
hyperlink to a resource that includes the required information.

3. If requested by the Licensor, You must remove any of the information required by
Section 3(a)(1)(A) to the extent reasonably practicable.
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b.

ShareAlike.

In addition to the conditions in Section 3(a), if You Share Adapted Material You produce, the
following conditions also apply.

1. The Adapter’s License You apply must be a Creative Commons license with the same
License Elements, this version or later, or a BY-NC-SA Compatible License.

2. You must include the text of, or the URI or hyperlink to, the Adapter's License You
apply. You may satisfy this condition in any reasonable manner based on the
medium, means, and context in which You Share Adapted Material.

3. You may not offer or impose any additional or different terms or conditions on, or
apply any Effective Technological Measures to, Adapted Material that restrict
exercise of the rights granted under the Adapter's License You apply.

Section 4 - Sui Generis Database Rights.

Where the Licensed Rights include Sui Generis Database Rights that apply to Your use of the
Licensed Material:

a.

for the avoidance of doubt, Section 2(a)(1) grants You the right to extract, reuse, reproduce,
and Share all or a substantial portion of the contents of the database for NonCommercial
purposes only;

if You include all or a substantial portion of the database contents in a database in which You
have Sui Generis Database Rights, then the database in which You have Sui Generis Database
Rights (but not its individual contents) is Adapted Material, including for purposes of Section
3(b); and

You must comply with the conditions in Section 3(a) if You Share all or a substantial portion
of the contents of the database.

For the avoidance of doubt, this Section 4 supplements and does not replace Your obligations under
this Public License where the Licensed Rights include other Copyright and Similar Rights.

Section 5 — Disclaimer of Warranties and Limitation of Liability.

Unless otherwise separately undertaken by the Licensor, to the extent possible, the
Licensor offers the Licensed Material as-is and as-available, and makes no representations
or warranties of any kind concerning the Licensed Material, whether express, implied,
statutory, or other. This includes, without limitation, warranties of title, merchantability,
fitness for a particular purpose, non-infringement, absence of latent or other defects,
accuracy, or the presence or absence of errors, whether or not known or discoverable.
Where disclaimers of warranties are not allowed in full or in part, this disclaimer may not
apply to You.

To the extent possible, in no event will the Licensor be liable to You on any legal theory
(including, without limitation, negligence) or otherwise for any direct, special, indirect,
incidental, consequential, punitive, exemplary, or other losses, costs, expenses, or
damages arising out of this Public License or use of the Licensed Material, even if the
Licensor has been advised of the possibility of such losses, costs, expenses, or damages.
Where a limitation of liability is not allowed in full or in part, this limitation may not apply
to You.
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c. The disclaimer of warranties and limitation of liability provided above shall be interpreted in
a manner that, to the extent possible, most closely approximates an absolute disclaimer and
waiver of all liability.

Section 6 — Term and Termination.

a. This Public License applies for the term of the Copyright and Similar Rights licensed here.
However, if You fail to comply with this Public License, then Your rights under this Public
License terminate automatically.

b. Where Your right to use the Licensed Material has terminated under Section 6(a), it
reinstates:

1. automatically as of the date the violation is cured, provided it is cured within 30 days
of Your discovery of the violation; or
2. upon express reinstatement by the Licensor.

For the avoidance of doubt, this Section 6(b) does not affect any right the Licensor may have
to seek remedies for Your violations of this Public License.

c. Forthe avoidance of doubt, the Licensor may also offer the Licensed Material under
separate terms or conditions or stop distributing the Licensed Material at any time;
however, doing so will not terminate this Public License.

d. Sections 1,5, 6, 7, and 8 survive termination of this Public License.

Section 7 — Other Terms and Conditions.

a. The Licensor shall not be bound by any additional or different terms or conditions
communicated by You unless expressly agreed.

b. Any arrangements, understandings, or agreements regarding the Licensed Material not
stated herein are separate from and independent of the terms and conditions of this Public
License.

Section 8 — Interpretation.

a. Forthe avoidance of doubt, this Public License does not, and shall not be interpreted to,
reduce, limit, restrict, or impose conditions on any use of the Licensed Material that could
lawfully be made without permission under this Public License.

b. To the extent possible, if any provision of this Public License is deemed unenforceable, it
shall be automatically reformed to the minimum extent necessary to make it enforceable. If
the provision cannot be reformed, it shall be severed from this Public License without
affecting the enforceability of the remaining terms and conditions.

c. No term or condition of this Public License will be waived and no failure to comply
consented to unless expressly agreed to by the Licensor.

d. Nothing in this Public License constitutes or may be interpreted as a limitation upon,
or waiver of, any privileges and immunities that apply to the Licensor or You,
including from the legal processes of any jurisdiction or authority.
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Chapter 1

Basics of System Reliability Analysis

Overview

In life data analysis and accelerated life testing data analysis, as well as other testing activities, one of the primary
objectives is to obtain a life distribution that describes the times-to-failure of a component, subassembly, assembly or
system. This analysis is based on the time of successful operation or time-to-failure data of the item (component),

either under use conditions or from accelerated life tests.

For any life data analysis, the analyst chooses a point at which no more detailed information about the object of
analysis is known or needs to be considered. At that point, the analyst treats the object of analysis as a "black box."
The selection of this level (e.g., component, subassembly, assembly or system) determines the detail of the

subsequent analysis.

In system reliability analysis, one constructs a "System" model from these component models. In other words in
system reliability analysis we are concerned with the construction of a model (life distribution) that represents the
times-to-failure of the entire system based on the life distributions of the components, subassemblies and/or

assemblies ("black boxes") from which it is composed, as illustrated in the figure below.

Component A
Weibull
B, n Component D System A
Exponential - fit)
\ or MTBF O,

To accomplish this, the relationships between components are considered and decisions about the choice of
components can be made to improve or optimize the overall system reliability, maintainability and/or availability.
There are many specific reasons for looking at component data to estimate the overall system reliability. One of the
most important is that in many situations it is easier and less expensive to test components/subsystems rather than
entire systems. Many other benefits of the system reliability analysis approach also exist and will be presented

throughout this reference.
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Systems

A system is a collection of components, subsystems and/or assemblies arranged to a specific design in order to
achieve desired functions with acceptable performance and reliability. The types of components, their quantities,
their qualities and the manner in which they are arranged within the system have a direct effect on the system's
reliability. The relationship between a system and its components is often misunderstood or oversimplified. For
example, the following statement is not valid: All of the components in a system have a 90% reliability at a given
time, thus the reliability of the system is 90% for that time. Unfortunately, poor understanding of the relationship
between a system and its constituent components can result in statements like this being accepted as factual, when in

reality they are false.

Reliability Block Diagrams (RBDs)

Block diagrams are widely used in engineering and science and exist in many different forms. They can also be used
to describe the interrelation between the components and to define the system. When used in this fashion, the block
diagram is then referred to as a reliability block diagram (RBD).

A reliability block diagram is a graphical representation of the components of the system and how they are
reliability-wise related (connected). It should be noted that this may differ from how the components are physically

connected. An RBD of a simplified computer system with a redundant fan configuration is shown below.

Power Hard

Supply — —| Processor —= Drive

— Fan —

RBDs are constructed out of blocks. The blocks are connected with direction lines that represent the reliability

relationship between the blocks.

A block is usually represented in the diagram by a rectangle. In a reliability block diagram, such blocks represent the
component, subsystem or assembly at its chosen black box level. The following figure shows two blocks, one

representing a resistor and one representing a computer.

Resistor Computer

It is possible for each block in a particular RBD to be represented by its own reliability block diagram, depending on
the level of detail in question. For example, in an RBD of a car, the top level blocks could represent the major
systems of the car, as illustrated in the figure below. Each of these systems could have their own RBDs in which the
blocks represent the subsystems of that particular system. This could continue down through many levels of detail,

all the way down to the level of the most basic components (e.g., fasteners), if so desired.
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System

Subsystemn

Ignition Cooling

Subsystem Subsystem

The level of granularity or detail that one chooses should be based on both the availability of data and on the lowest
actionable item concept. To illustrate this concept, consider the aforementioned computer system shown earlier.
When the computer manufacturer finds out that the hard drive is not as reliable as it should be and decides not to try
to improve the reliability of the current hard drive but rather to get a new hard drive supplier, then the lowest
actionable item is the hard drive. The hard drive supplier will then have actionable items inside the hard drive, and so
forth.

Block Failure Models

Having segmented a product or process into parts, the first step in evaluating the reliability of a system is to obtain
life/event data concerning each component/subsystem (i.e., each block). This information will allow the reliability
engineer to characterize the life distribution of each component. Data can be obtained from different sources,
including:

In-house reliability tests

Accelerated life tests

Field data

Warranty data

Engineering knowledge

Similarity to prior designs

N A D=

Other reference sources

Additionally, component life data may also be provided by the manufacturer or supplier of the
component/subsystem. Once the data set has been obtained, the life distribution of a component/subsystem can be
estimated using ReliaSoft's Weibull++ or ALTA software. For example, consider a resistor that is part of a larger
system to be analyzed. Failure data for this resistor can be obtained by performing in-house reliability tests and by
observing the behavior of that type of resistor in the field. As shown below, a life distribution is then fitted to the
data and the parameters are obtained. The parameters of that distribution represent the life distribution of that resistor

block in the overall system RBD.
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In the same manner, other types of information can also be obtained that can be used to define other block properties,
such as the time-to-repair distribution (by analyzing the times-to-repair of each block instead of the times-to-failure),
other maintenance requirements, throughput properties, etc. These block properties can then be used to perform a
variety of analyses on the overall system to predict and/or optimize the system's reliability, maintainability,

availability, spare parts utilization, throughput, etc.
Available Distributions

Because the failure properties of a component are best described by statistical distributions, the most commonly used
life distributions are available in BlockSim. (For more information about these distributions, see Life Distributions.)

The available distributions are:

1 and 2 parameter exponential distributions

1, 2 and 3 parameter Weibull distributions

Mixed Weibull distribution (with 2, 3 or 4 subpopulations)
Normal distribution

Lognormal distribution

Generalized-Gamma (i.e., G-Gamma) distribution
Gamma distribution

Logistic distribution

Y X NNk wD

Loglogistic distribution
10. Gumbel distribution
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The same distributions are also available as repair distributions and in other probabilistic property windows that we
will discuss later. The first figure below illustrates the Block Properties window with the Weibull distribution

assigned as the failure distribution while the second figure illustrates the Block Properties window with the normal
distribution assigned as the repair distribution.

& Block Propert=

] Sat Block ag Failed |
7] Bapeenecns suliplablote . [
Currnt agu @ {Hr} Bets 1.5
Duty eycle Fta oo
= 5 Supplemenial Costs o la
Cont per Failere Drefault = Mo Cont
Dawrtime robe [f%r) Defaut - No Coat .
= [ 1dentifsres =5 ot —
) L



http://reliawiki.org/index.php?title=File%3AFailureDistributionBlockProperties.png

Basics of System Reliability Analysis

& e
Tazh Barme
Comemree L2 } s
- wan [denifers
| tarrective Preperties Hesdel Rame Hudel Categury
= i, Task Scheduling Moxdsiad
Sraf doiThtive lidh Linae Aers Piduie - Hodel Typs
o, I SR e T L Coratant Distribastion
h Task dersbian jHr) Mooy [0 [ 1020000 -
= il Crew foe tasi s
Mo et e delected P —— I
1= soam Pt Pool Defgdt - Mone — Hean
= I Tesk Cosnequences =
B Fesloration i“
:::1'-.-:' ks thed LHEG restane dhe i i s i s -
= 3% Addntiesal Costs 1o Consider 0
Cnift g Radik Diefimdt « ha Cadt - E
Drgmnfireay rabe [RHr) Dt - Kig Cogh - )
% = Ll 1dentiers E U
lal o B L =
I . TR i
E Created By JOPSI0L Y G255 70 AM ' U] [y § v - & o anon.
in Moo By 10VSI0LE o5 R AM Editing model proparties

Edtineg codrectong Lik piogstsei

System Reliability Function

After defining the properties of each block in a system, the blocks can then be connected in a reliability-wise manner
to create a reliability block diagram for the system. The RBD provides a visual representation of the way the blocks
are reliability-wise arranged. This means that a diagram will be created that represents the functioning state (i.e.,
success or failure) of the system in terms of the functioning states of its components. In other words, this diagram
demonstrates the effect of the success or failure of a component on the success or failure of the system. For example,
if all components in a system must succeed in order for the system to succeed, the components will be arranged
reliability-wise in series. If one of two components must succeed in order for the system to succeed, those two
components will be arranged reliability-wise in parallel. RBDs and Analytical System Reliability discusses RBDs

and diagramming methods.

The reliability-wise arrangement of components is directly related to the derived mathematical description of the
system. The mathematical description of the system is the key to the determination of the reliability of the system. In
fact, the system's reliability function is that mathematical description (obtained using probabilistic methods) and it
defines the system reliability in terms of the component reliabilities. The result is an analytical expression that
describes the reliability of the system as a function of time based on the reliability functions of its components.
Statistical Background, RBDs and Analytical System Reliability and Time-Dependent System Reliability

(Analytical) discuss this further. These chapters also offer derivations of needed equations and present examples.
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Non-Repairable and Repairable Systems

Systems can be generally classified into non-repairable and repairable systems. Non-repairable systems are those that
do not get repaired when they fail. Specifically, the components of the system are not repaired or replaced when they
fail. Most household products, for example, are non-repairable. This does not necessarily mean that they cannot be
repaired, but rather that it does not make economic sense to do so. For example, repairing a four-year-old microwave

oven is economically unreasonable, since the repair would cost approximately as much as purchasing a new unit.

On the other hand, repairable systems are those that get repaired when they fail. This is done by repairing or
replacing the failed components in the system. An automobile is an example of a repairable system. If the
automobile is rendered inoperative when a component or subsystem fails, that component is typically repaired or
replaced rather than purchasing a new automobile. In repairable systems, two types of distributions are considered:
failure distributions and repair distributions. A failure distribution describes the time it takes for a component to fail.
A repair distribution describes the time it takes to repair a component (time-to-repair instead of time-to-failure). In
the case of repairable systems, the failure distribution itself is not a sufficient measure of system performance, since
it does not account for the repair distribution. A new performance criterion called availability can be calculated,

which accounts for both the failure and repair distributions.

Repairable systems and availability will be discussed in Introduction to Repairable Systems and Repairable Systems

Analysis Through Simulation.

BlockSim's Computation Modes

As shown in the figure below, BlockSim includes two independent computation modes: analytical and simulation.
The analytical mode uses the exact reliability solutions for the system, employing the system's reliability function or
cumulative density function (cdf). BlockSim can resolve even the most complex systems analytically and this
method should be used when one is performing reliability analysis. In the context of BlockSim and this reference, we
use the term reliability analysis to refer to all analyses that do not include repairs or restorations of the component. In
contrast to the analytical mode, the simulation mode takes into account repair and restoration actions, including
behaviors of crews, spare part pools, throughput, etc. Both of these methods will be explored in the chapters that
follow.

Reliability Block Diagrams

g;]] Analytical RED

==, Simuiation RED
Fault Tree Diagrams

i"] Analytical Fault Tree

_-'-':Zg:‘ Simulation Fault Tree

When considering only the failure characteristics of the components, the analytical approach should be used.
However, when both the failure and maintenance characteristics need to be considered, the simulation method must

be used to take into account the additional events.
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Analytical Calculations

In the analytical (or algebraic analysis) approach, the system's pdf is obtained analytically from each component's
failure distribution using probability theory. In other words, the analytical approach involves the determination of a
mathematical expression that describes the reliability of the system in terms the reliabilities of its components.
Remember also that cdf (t) = 1 — R(%).

The advantages of the analytical approach are:

* The mathematical expression for the system's cdfis obtained.
* Conditional reliability, warranty time and other calculations can be performed.
* Ancillary analyses can be performed, such as optimized reliability allocation, reliability importance computation

of components, etc.
The disadvantage of the analytical approach is:

* Analyses that involve repairable systems with multiple additional events and/or other maintainability information
are very difficult (if not impossible) to solve analytically. In these cases, analysis through simulation becomes

necessary.

Two types of analytical calculations can be performed using RBDs (and BlockSim): static reliability calculations and
time-dependent reliability calculations. Systems can contain static blocks, time-dependent blocks or a mixture of the
two. Analytical computations are discussed in RBDs and Analytical System Reliability and Time-Dependent System
Reliability (Analytical).

Static

Static analytical calculations are performed on RBDs that contain static blocks. A static block can be interpreted
either as a block with a reliability value that is known only at a given time (but the block's entire distribution is
unknown) or as a block with a probability of success that is constant with time. Static calculations can be performed

both in the analytical mode and the simulation mode. The following figure illustrates a static RBD.

A System Frozen in Time

R=0.8 » [ R=0.9

R=0.9 —» | R=0.8 R=0.9

R=0.8 —» | R=0.8
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Time-Dependent

Time-dependent analysis looks at reliability as a function of time. That is, a known failure distribution is assigned to
each component. The time scale in BlockSim can assume any quantifiable time measure, such as years, months,
hours, minutes or seconds, and also units that are not directly related to time, such as cycles or miles of use. In many
of the discussions and examples that follow, and to maintain generality, time units may be omitted or a general time
unit ( £) may be utilized. It is very important to remember that even though any time unit may be used, the time
units used throughout an analysis must be consistent in order to avoid incorrect results. The primary objective in
system reliability analysis is to obtain a failure distribution of the entire system based on the failure distributions of

its components, as illustrated below.

Component 2

Component 4

Component 1

Probability Density Function

Simulation Calculations

If one includes information on the repair and maintenance characteristics of the components and resources available
in the system, other information can also be analyzed/obtained, such as system availability, throughput, spare parts

usage, life costs, etc. This can be accomplished through discrete event simulation.

In simulation, random failure times from each component's failure distribution are generated. These failure times are
then combined in accordance with the way the components are reliability-wise arranged within the system. The

overall results are analyzed in order to determine the behavior of the entire system.
The advantages of the simulation approach are:

* It can be used for highly complex scenarios involving a multitude of probabilistic events, such as corrective
maintenance, preventive maintenance, inspections, imperfect repairs, crew response times, spare part availability,
etc. When events such as these are considered, analytical solutions become impossible when dealing with real

systems of sufficient complexity.
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» The discrete event simulation also has the capabilities for:

» Examining resource usage, efficiency and costs.

e Optimizing procedures and resource allocation.

* Analyzing relationships between systems and components.
e Maximizing throughput.

* Minimizing work downtimes.

The disadvantages of the simulation approach are:

* It can be time-consuming.
* The results are dependent on the number of simulations.

* There is a lack of repeatability in the results due to the random nature of data generation.

Simulation is discussed in the Repairable Systems Analysis Through Simulation and Throughput Analysis chapters.
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Chapter 2

Statistical Background

This chapter presents a brief review of statistical principles and terminology. The objective of this chapter is to
introduce concepts from probability theory and statistics that will be used in later chapters. As such, this chapter is
not intended to cover this subject completely, but rather to provide an overview of applicable concepts as a

foundation that you can refer to when more complex concepts are introduced.

If you are familiar with basic probability theory and life data analysis, you may wish to skip this chapter. If you

would like additional information, we encourage you to review other references on the subject.

A Brief Introduction to Probability Theory

Basic Definitions

Before considering the methodology for estimating system reliability, some basic concepts from probability theory

should be reviewed.

The terms that follow are important in creating and analyzing reliability block diagrams.

1. Experiment (E) An experiment is any well-defined action that may result in a number of outcomes. For
example, the rolling of dice can be considered an experiment.
Outcome (O): An outcome is defined as any possible result of an experiment.

Sample space (S ): The sample space is defined as the set of all possible outcomes of an experiment.
Event: An event is a collection of outcomes.

ok v

Union of two events Aand B l::l UB ): The union of two events Aand Bis the set of outcomes that belong to
Aor Bor both.
6. Intersection of two events Aand B l:rl NnB ): The intersection of two events Aand Bis the set of outcomes
that belong to both .Aand B.
7. Complement of event A ( E): A complement of an event Acontains all outcomes of the sample space, S, that
do not belong to A.
8. Null event ( &): A null event is an empty set that has no outcomes.
9. Probability: Probability is a numerical measure of the likelihood of an event relative to a set of alternative events.
For example, there is a 50% probability of observing heads relative to observing tails when flipping a coin

(assuming a fair or unbiased coin).
Example
Consider an experiment that consists of the rolling of a six-sided die. The numbers on each side of the die are the

possible outcomes. Accordingly, the sample space is S = {1_| 2,3,4,5, 6}.

Let Abe the event of rolling a 3, 4 or 6, A= {3,4, 5}, and let Bbe the event of rolling a 2, 3 or 5,
B ={2,3,5}.

1. The union of Aand Bis: AU B = {2: 3;4; 5: 6}.

2. The intersection of Aand Bis: A N B = {3}

3. The complement of Ais: A= {1, 2, 5}.
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Probability Properties, Theorems and Axioms

The probability of an event is expressed as P l:rl)and has the following properties:

1. 0<P(A) <1

2. P(A)=1- P(4)

3. P(@)=0

4. P(S)=1

In other words, when an event is certain to occur, it has a probability equal to 1; when it is impossible for the event

to occur, it has a probability equal to 0.
It can also be shown that the probability of the union of two events ~dand Dis:
P(AUB) = P(A)+ P(B) — P(AN B)
Similarly, the probability of the union of three events, -1, Band C'is given by:
P(AuBUC)=P(A)+ P(B) + P(C)
—~P(ANB) - P(ANC)
—P(BNC)+ P(ANBNC)

Mutually Exclusive Events

Two events ~Aand Bare said to be mutually exclusive if it is impossible for them to occur simultaneously (A M B
= ). In such cases, the expression for the union of these two events reduces to the following, since the probability
of the intersection of these events is defined as zero.

P(AU B) = P(A) + P(B)

Conditional Probability

The conditional probability of two events Aand Bis defined as the probability of one of the events occurring,
knowing that the other event has already occurred. The expression below denotes the probability of Aoccurring
given that Bhas already occurred.
P(AN B)

P(B)

Note that knowing that event Bhas occurred reduces the sample space.

P(A

B) =

Independent Events

If knowing Dgives no information about -, then the events are said to be independent and the conditional

probability expression reduces to:

P(A|B) = P(A)

P(ANEB
B) = %can be written as:

From the definition of conditional probability, (A

P(AnN B) = P(A|B)P(B)
Since events .Aand Bare independent, the expression reduces to:
P(AN B) = P(A)P(B)

If a group of Ttevents Ajare independent, then:

P4 =] P4
i=1 i=1

As an illustration, consider the outcome of a six-sided die roll. The probability of rolling a 3 is one out of six or:
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P(O=3)=1/6=0.16667
All subsequent rolls of the die are independent events, since knowing the outcome of the first die roll gives no
information as to the outcome of subsequent die rolls (unless the die is loaded). Thus the probability of rolling a 3 on

the second die roll is again:
P(O=3)=1/6=0.16667
However, if one were to ask the probability of rolling a double 3 with two dice, the result would be:

0.16667 - 0.16667 =0.027778

Example 1

Consider a system where two hinged members are holding a load in place, as shown next.

Component 1 Component 2

The system fails if either member fails and the load is moved from its position.

1. Let A =event of failure of Component 1 and let A =the event of not failure of Component 1.

2. Let B =event of failure of Component 2 and let B =the event of not failure of Component 2.

Failure occurs if Component 1 or Component 2 or both fail. The system probability of failure (or unreliability) is:
P;=P(AUB) = P(A) + P(B) — P(AN B)

Assuming independence (or that the failure of either component is not influenced by the success or failure of the

other component), the system probability of failure becomes the sum of the probabilities of .Aand Boccurring

minus the product of the probabilities:
P; = P(AU B) = P(A)+ P(B) — P(A)P(B)
Another approach is to calculate the probability of the system not failing (i.e., the reliability of the system):
P(no failure) = Reliability
=P(ANB)
=P(A)P(B)
Then the probability of system failure is simply 1 (or 100%) minus the reliability:
P¢ =1 — Reliability
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Example 2

Consider a system with a load being held in place by two rigid members, as shown next.

e’

Component 1 Component 2

* Let A =event of failure of Component 1.
* Let B =event of failure of Component 2.

* The system fails if Component 1 fails and Component 2 fails. In other words, both components must fail for
the system to fail.

The system probability of failure is defined as the intersection of events .Aand [
P; = P(AN B))
Case 1

Assuming independence (i.e., either one of the members is sufficiently strong to hold the load in place), the
probability of system failure becomes the product of the probabilities of .Aand Bfailing:

P; = P(AN B) = P(A)P(B)
The reliability of the system now becomes:

Reliability = 1 — Py =1 — P(A)P(B)
Case 2

If independence is not assumed (e.g., when one component fails the other one is then more likely to fail), then the
simplification given in Reliahlity=1- P = 1-P (A)P (B)is no longer applicable. In this case,
P = P (4‘1 nB ))must be used. We will examine this dependency in later sections under the subject of load

sharing.

A Brief Introduction to Continuous Life Distributions

Random Variables
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In general, most problems in reliability engineering deal with quantitative measures, such as the time-to-failure of a
component, or qualitative measures, such as whether a component is defective or non-defective. We can then use a

random variable Xto denote these possible measures.

In the case of times-to-failure, our random variable Xis the time-to-failure of the component and can take on an
infinite number of possible values in a range from O to infinity (since we do not know the exact time a priori). Our
component can be found failed at any time after time O (e.g., at 12 hours or at 100 hours and so forth), thus X can
take on any value in this range. In this case, our random variable Xis said to be a continuous random variable. In

this reference, we will deal almost exclusively with continuous random variables.

In judging a component to be defective or non-defective, only two outcomes are possible. That is, Xis a random
variable that can take on one of only two values (let's say defective = O and non-defective = 1). In this case, the

variable is said to be a discrete random variable.

The Probability Density Function and the Cumulative Distribution Function

The probability density function (pdf) and cumulative distribution function (cdf) are two of the most important
statistical functions in reliability and are very closely related. When these functions are known, almost any other
reliability measure of interest can be derived or obtained. We will now take a closer look at these functions and how

they relate to other reliability measures, such as the reliability function and failure rate.
From probability and statistics, given a continuous random variable X,we denote:
* The probability density function, pdf, as f (13)

e The cumulative distribution function, cdf, as F (I)
The pdf and cdf give a complete description of the probability distribution of a random variable. The following figure
illustrates a pdf.

f(x)

The next figures illustrate the pdf - cdf relationship.
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f(x)

Random Variable X

P(X<a)

fix)

F(a) = P(X<a)

If Xis a continuous random variable, then the pdf of Xis a function, ﬂ:I), such that for any two numbers, Zand b
with @ < b:

Pla< X <b) = /bf(;t:}da:

a
That is, the probability that Xtakes on a value in the interval [H-, E7]is the area under the density function from to

b.as shown above. The pdf represents the relative frequency of failure times as a function of time.

The cdfis a function, F (35), of a random variable X, and is defined for a number Tby:

Flz)= P(X <z) = fo F(s)ds

That is, for a number &, F' (iU)is the probability that the observed value of X will be at most . The cdf represents
the cumulative values of the pdf. That is, the value of a point on the curve of the cdf represents the area under the
curve to the left of that point on the pdf. In reliability, the cdf is used to measure the probability that the item in
question will fail before the associated time value, L, and is also called unreliability.

Note that depending on the density function, denoted by f (I), the limits will vary based on the region over which

the distribution is defined. For example, for the life distributions considered in this reference, with the exception of
the normal distribution, this range would be [D, +OC']-
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Mathematical Relationship: pdf and cdf

The mathematical relationship between the pdf and cdf is given by:

&
F(z) = j F(s)ds
0
where Sis a dummy integration variable.

Conversely:

o) = 40D

The cdf is the area under the probability density function up to a value of . The total area under the pdf is always
equal to 1, or mathematically:

f(x)

f_;mf(:c)dx —1

The well-known normal (or Gaussian) distribution is an example of a probability density function. The pdf for this

distribution is given by:

f(t) = ﬁe‘é(tﬁ&)

where His the mean and @is the standard deviation. The normal distribution has two parameters, Hand 7.

Another is the lognormal distribution, whose pdfis given by:

L (e
flt)= ———e
(t) t-o'/2m
where ,uris the mean of the natural logarithms of the times-to-failure and ¢'is the standard deviation of the natural

logarithms of the times-to-failure. Again, this is a 2-parameter distribution.
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Reliability Function
The reliability function can be derived using the previous definition of the cumulative distribution function,

b
F (I) = [) f (S)dS. From our definition of the cdf, the probability of an event occurring by time tis given by:

t
F@sz@ﬁ
1]
Or, one could equate this event to the probability of a unit failing by time Z.
Since this function defines the probability of failure by a certain time, we could consider this the unreliability
function. Subtracting this probability from 1 will give us the reliability function, one of the most important functions
in life data analysis. The reliability function gives the probability of success of a unit undertaking a mission of a

given time duration. The following figure illustrates this.

f(t)
Probability of Failure
(Unreliability) robability of Success

(Reliability)

Random Variable t, time-to-failure

To show this mathematically, we first define the unreliability function, Q(t), which is the probability of failure, or

the probability that our time-to-failure is in the region of 0 and f. This is the same as the cdf. So from

t
szﬂfmm

Q) = Ft) = [ f(s)ds
Reliability and unreliability are the only two events being considered and they are mutually exclusive; hence, the
sum of these probabilities is equal to unity.
Then:

Q1) + R(t) =1

R(t) =1 - Q(t)

mgﬂ_ﬁ%@@
Rty = [ f(5)ds

Conversely:
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iy - 4T

Conditional Reliability Function

Conditional reliability is the probability of successfully completing another mission following the successful
completion of a previous mission. The time of the previous mission and the time for the mission to be undertaken

must be taken into account for conditional reliability calculations. The conditional reliability function is given by:
R(T+1)

R(T.t) = —ps

Failure Rate Function

The failure rate function enables the determination of the number of failures occurring per unit time. Omitting the

derivation, the failure rate is mathematically given as:

f(t)

Alt) = 5=
This gives the instantaneous failure rate, also known as the hazard function. It is useful in characterizing the failure
behavior of a component, determining maintenance crew allocation, planning for spares provisioning, etc. Failure

rate is denoted as failures per unit time.

Mean Life (MTTF)

The mean life function, which provides a measure of the average time of operation to failure, is given by:

T:m:ft-f(t)dt

This is the expected or average time-to-failure and is denoted as the MTTF (Mean Time To Failure).

The MTTF, even though an index of reliability performance, does not give any information on the failure
distribution of the component in question when dealing with most lifetime distributions. Because vastly different
distributions can have identical means, it is unwise to use the MTTF as the sole measure of the reliability of a

component.

Median Life

Median life, ]:, is the value of the random variable that has exactly one-half of the area under the pdf to its left and
one-half to its right. It represents the centroid of the distribution. The median is obtained by solving the following

equation for T (For individual data, the median is the midpoint value.)

f_if{t)dt =05

Modal Life (or Mode)

The modal life (or mode), f, is the value of 7 that satisfies:

d[f(t)] _
dt =0

For a continuous distribution, the mode is that value of fthat corresponds to the maximum probability density (the

value at which the pdf has its maximum value, or the peak of the curve).
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Lifetime Distributions

A statistical distribution is fully described by its pdf. In the previous sections, we used the definition of the pdf to
show how all other functions most commonly used in reliability engineering and life data analysis can be derived.
The reliability function, failure rate function, mean time function, and median life function can be determined
directly from the pdf definition, or f (f) Different distributions exist, such as the normal (Gaussian), exponential,
Weibull, etc., and each has a predefined form of f (i’-)that can be found in many references. In fact, there are certain
references that are devoted exclusively to different types of statistical distributions. These distributions were
formulated by statisticians, mathematicians and engineers to mathematically model or represent certain behavior. For
example, the Weibull distribution was formulated by Waloddi Weibull and thus it bears his name. Some distributions

tend to better represent life data and are most commonly called "lifetime distributions".

A more detailed introduction to this topic is presented in Life Distributions.

A Brief Introduction to Life-Stress Relationships

In certain cases when one or more of the characteristics of the distribution change based on an outside factor, one
may be interested in formulating a model that includes both the life distribution and a model that describes how a
characteristic of the distribution changes. In reliability, the most common "outside factor" is the stress applied to the
component. In system analysis, stress comes into play when dealing with units in a load sharing configuration. When
components of a system operate in a load sharing configuration, each component supports a portion of the total load
for that aspect of the system. When one or more load sharing components fail, the operating components must take
on an increased portion of the load in order to compensate for the failure(s). Therefore, the reliability of each

component is dependent upon the performance of the other components in the load sharing configuration.

Traditionally in a reliability block diagram, one assumes independence and thus an item's failure characteristics can
be fully described by its failure distribution. However, if the configuration includes load sharing redundancy, then a
single failure distribution is no longer sufficient to describe an item's failure characteristics. Instead, the item will fail
differently when operating under different loads and the load applied to the component will vary depending on the
performance of the other component(s) in the configuration. Therefore, a more complex model is needed to fully
describe the failure characteristics of such blocks. This model must describe both the effect of the load (or stress) on
the life of the product and the probability of failure of the item at the specified load. The models, theory and
methodology used in Quantitative Accelerated Life Testing (QALT) data analysis can be used to obtain the desired
model for this situation. The objective of QALT analysis is to relate the applied stress to life (or a life distribution).
Identically in the load sharing case, one again wants to relate the applied stress (or load) to life. The following figure
graphically illustrates the probability density function (pdf) for a standard item, where only a single distribution is

required.
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Standard item with a
pdf describing its
probability of failure

The next figure represents a load sharing item by using a 3-D surface that illustrates the pdf , load and time.

A load sharing item
h with a pdf and life-
stress relationship
describing its
probability of failure
at different loads.

The following figure shows the reliability curve for a load sharing item vs. the applied load.
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Reliability (1-cdf) vs. Load Surface

r
[

To formulate the model, a life distribution is combined with a life-stress relationship. The distribution choice is
based on the product's failure characteristics while the life-stress relationship is based on how the stress affects the

life characteristics. The following figure graphically shows these elements of the formulation.
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The next figure shows the combination of both an underlying distribution and a life-stress model by plotting a pdf

against both time and stress.
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The assumed underlying life distribution can be any life distribution. The most commonly used life distributions
include the Weibull, the exponential and the lognormal. The life-stress relationship describes how a specific life
characteristic changes with the application of stress. The life characteristic can be any life measure such as the mean,
median, R(iv), F (35}, etc. It is expressed as a function of stress. Depending on the assumed underlying life
distribution, different life characteristics are considered. Typical life characteristics for some distributions are shown
in the next table.

Distribution | Parameters | Life Characteristic
Weibull Bx M Scale parameter, 77
Exponential | A Mean Life, (1 / A

Lognormal | T* 0 Median, T’

*Usually assumed constant

For example, when considering the Weibull distribution, the scale parameter, 1. is chosen to be the life
characteristic that is stress-dependent while Jis assumed to remain constant across different stress levels. A
life-stress relationship is then assigned to 7/-

For a detailed discussion of this topic, see ReliaSoft's Accelerated Life Testing Data Analysis Reference.
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Chapter 3

RBDs and Analytical System Reliability

An overall system reliability prediction can be made by looking at the reliabilities of the components that make up
the whole system or product. In this chapter, we will examine the methods of performing such calculations. The
reliability-wise configuration of components must be determined beforehand. For this reason, we will first look at
different component/subsystem configurations, also known as structural properties (Leemis [17]). Unless explicitly
stated, the components will be assumed to be statistically independent.

Component Configurations

In order to construct a reliability block diagram, the reliability-wise configuration of the components must be
determined. Consequently, the analysis method used for computing the reliability of a system will also depend on the
reliability-wise configuration of the components/subsystems. That configuration can be as simple as units arranged
in a pure series or parallel configuration. There can also be systems of combined series/parallel configurations or
complex systems that cannot be decomposed into groups of series and parallel configurations. The configuration

types considered in this reference include:

* Series configuration.

* Simple parallel configuration.

* Combined (series and parallel) configuration.

* Complex configuration.

* k-out-of-n parallel configuration.

* Configuration with a load sharing container (presented in Load Sharing).

» Configuration with a standby container (presented in Standby Components).
» Configuration with inherited subdiagrams.

* Configuration with multi blocks.

* Configuration with mirrored blocks.

Each of these configurations will be presented, along with analysis methods, in the sections that follow.

Series Systems

In a series configuration, a failure of any component results in the failure of the entire system. In most cases, when
considering complete systems at their basic subsystem level, it is found that these are arranged reliability-wise in a
series configuration. For example, a personal computer may consist of four basic subsystems: the motherboard, the
hard drive, the power supply and the processor. These are reliability-wise in series and a failure of any of these
subsystems will cause a system failure. In other words, all of the units in a series system must succeed for the system
to succeed.
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The reliability of the system is the probability that unit 1 succeeds and unit 2 succeeds and all of the other units in the

system succeed. So all Tunits must succeed for the system to succeed. The reliability of the system is then given by:
RS :P(Xl M Xg M..MN Xn)
=P(X,) P(X5| X1 ) P(X3| X1 Xa) - - - P(X| X1 Xo.. X 1)
where:
o R the reliability of the system
«  Xiis the event of unit tbeing operational
. P (Xe')is probability that unit Zis operational
In the case where the failure of a component affects the failure rates of other components (i.e., the life distribution
characteristics of the other components change when one component fails), then the conditional probabilities in

equation above must be considered.
However, in the case of independent components, equation above becomes:
R. = P(X1)P(X))...P(Xy)

or:

Rs :f[P(Xé)

Or, in terms of individual component reliability:

nga

In other words, for a pure series system, the system reliability is equal to the product of the reliabilities of its

constituent components.
Example: Calculating Reliability of a Series System

Three subsystems are reliability-wise in series and make up a system. Subsystem 1 has a reliability of 99.5%,
subsystem 2 has a reliability of 98.7% and subsystem 3 has a reliability of 97.3% for a mission of 100 hours. What is

the overall reliability of the system for a 100-hour mission?
Since the reliabilities of the subsystems are specified for 100 hours, the reliability of the system for a 100-hour
mission is simply:

R, =R, - Ry- Ry

R, =0.9950 - 0.9870-0.9730

R, =0.955549245

R, =95.55%

Effect of Component Reliability in a Series System

In a series configuration, the component with the least reliability has the biggest effect on the system's reliability.
There is a saying that a chain is only as strong as its weakest link. This is a good example of the effect of a
component in a series system. In a chain, all the rings are in series and if any of the rings break, the system fails. In
addition, the weakest link in the chain is the one that will break first. The weakest link dictates the strength of the
chain in the same way that the weakest component/subsystem dictates the reliability of a series system. As a result,

the reliability of a series system is always less than the reliability of the least reliable component.
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Example: Effect of a Component's Reliability in a Series System

Consider three components arranged reliability-wise in series, where Ry = 70%, Rg = Sﬂpﬁand R3 = 90%
(for a given time). In the following table, we can examine the effect of each component's reliability on the overall
system reliability. The first row of the table shows the given reliability for each component and the corresponding
system reliability for these values. In the second row, the reliability of Component 1 is increased by a value of 10%
while keeping the reliabilities of the other two components constant. Similarly, by increasing the reliabilities of
Components 2 and 3 in rows 3 and 4 by a value of 10%, while keeping the reliabilities of the other components at the
given values, we can observe the effect of each component's reliability on the overall system reliability. It is clear
that the highest value for the system's reliability was achieved when the reliability of Component 1, which is the least
reliable component, was increased by a value of 10%.

Table 1: System Reliability for Combinations of Component Reliabilities

Componentl g Component2 g Component3 @& System =
0.7 0.8 0.9 0.504
0.8 0.8 0.9 0.576
0.7 0.9 0.9 0.567
0.7 0.8 0.99 0.555

This conclusion can also be illustrated graphically, as shown in the following figure. Note the slight difference in the
slopes of the three lines. The difference in these slopes represents the difference in the effect of each of the
components on the overall system reliability. In other words, the system reliability's rate of change with respect to
each component's change in reliability is different. This observation will be explored further when the importance
measures of components are considered in later chapters. The rate of change of the system's reliability with respect to
each of the components is also plotted. It can be seen that Component 1 has the steepest slope, which indicates that
an increase in the reliability of Component 1 will result in a higher increase in the reliability of the system. In other

words, Component 1 has a higher reliability importance.
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Effect of Number of Components in a Series System

The number of components is another concern in systems with components connected reliability-wise in series. As
the number of components connected in series increases, the system's reliability decreases. The following figure
illustrates the effect of the number of components arranged reliability-wise in series on the system's reliability for
different component reliability values. This figure also demonstrates the dramatic effect that the number of
components has on the system's reliability, particularly when the component reliability is low. In other words, in
order to achieve a high system reliability, the component reliability must be high also, especially for systems with

many components arranged reliability-wise in series.

Series System Reliability vs, Component Reliability
{for different number of components})

08

a7

a5

System Reliability

02

o 01 02 o3 o4 05 06 o7 08 o9

Component Reliability

Example: Effect of the Number of Components in a Series System

Consider a system that consists of a single component. The reliability of the component is 95%, thus the reliability of
the system is 95%. What would the reliability of the system be if there were more than one component (with the
same individual reliability) in series? The following table shows the effect on the system's reliability by adding
consecutive components (with the same reliability) in series. The plot illustrates the same concept graphically for

components with 90% and 95% reliability.
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Simple Parallel Systems

In a simple parallel system, as shown in the figure on the right, at

least one of the units must succeed for the system to succeed.

Units in parallel are also referred to as redundant units. 1

Redundancy is a very important aspect of system design and

reliability in that adding redundancy is one of several methods of

improving system reliability. It is widely used in the aerospace

industry and generally used in mission critical systems. Other 2

example applications include the RAID computer hard drive

systems, brake systems and support cables in bridges.

The probability of failure, or unreliability, for a system with 7
statistically independent parallel components is the probability that

unit 1 fails and unit 2 fails and all of the other units in the system

fail. So in a parallel system, all Tunits must fail for the system to n

fail. Put another way, if unit 1 succeeds or unit 2 succeeds or any
of the Tunits succeeds, then the system succeeds. The

unreliability of the system is then given by:

Qs :P(X]_ M Xg M..N Xﬂ)
—=P(X:)P(Xo|X1) P(Xa| X1 Xo) o P(Xn] X1 X0 Xt

where:
o Qsis the unreliability of the system
«  Xiis the event of failure of unit
.« P (Xg)is the probability of failure of unit 2
In the case where the failure of a component affects the failure rates of other components, then the conditional
probabilities in equation above must be considered. However, in the case of independent components, the equation

above becomes:

Qs = P(X1)P(X>3)...P(X,)

or:

&=Hmm

Or, in terms of component unreliability:

Qs = H Q@'
i=1

Observe the contrast with the series system, in which the system reliability was the product of the component
reliabilities; whereas the parallel system has the overall system unreliability as the product of the component

unreliabilities.
The reliability of the parallel system is then given by:
R=1-Qs=1—-(Q,-Qs-...- Q)
=1-[(1-Ri)-(1-Ro)-...- (1— Ry)]

n

=1-JJ(-R)

i=1
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Example: Calculating the Reliability with Components in Parallel

Consider a system consisting of three subsystems arranged reliability-wise in parallel. Subsystem 1 has a reliability
of 99.5%, Subsystem 2 has a reliability of 98.7% and Subsystem 3 has a reliability of 97.3% for a mission of 100

hours. What is the overall reliability of the system for a 100-hour mission?
Since the reliabilities of the subsystems are specified for 100 hours, the reliability of the system for a 100-hour
mission is:
R, =1—(1—0.9950)- (1 — 0.9870) - (1 — 0.9730)
=1 — 0.000001755
=0.999998245

Effect of Component Reliability in a Parallel Configuration

When we examined a system of components in series, we found that the least reliable component has the biggest
effect on the reliability of the system. However, the component with the highest reliability in a parallel configuration
has the biggest effect on the system's reliability, since the most reliable component is the one that will most likely
fail last. This is a very important property of the parallel configuration, specifically in the design and improvement of

systems.

Example: Effect of a Component's Reliability in a Parallel System

Consider three components arranged reliability-wise in parallel with Ry = 50%, R, = 70%and
R3 = 80%(for a given time). The corresponding reliability for the system is [2s = 97.6%. In the following
table, we can examine the effect of each component's reliability on the overall system reliability. The first row of the
table shows the given reliability for each component and the corresponding system reliability for these values. In the
second row, the reliability of Component 1 is increased by a value of 10% while keeping the reliabilities of the other
two components constant. Similarly, by increasing the reliabilities of Components 2 and 3 in the third and fourth
rows by a value of 10% while keeping the reliabilities of the other components at the given values, we can observe
the effect of each component's reliability on the overall system reliability. It is clear that the highest value for the
system's reliability was achieved when the reliability of Component 3, which is the most reliable component, was
increased. Once again, this is the opposite of what was encountered with a pure series system.

Table 3: System Reliability for Combinations of Components' Reliability
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Component 1 Component 2 Component 3 System Reliability
0.6 0.7 0.8 0.976
0.7 0.7 08 0.982
0.6 0.8 0.8 0.984
0.6 0.7 0.9 0.988

This conclusion can also be illustrated graphically, as shown in the following plot.

0.995
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8
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A
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/
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Effect of Number of Components in a Parallel System

In the case of the parallel configuration, the number of components has the opposite effect of the one observed for

the series configuration. For a parallel configuration, as the number of components/subsystems increases, the
system's reliability increases.

The following plot illustrates that a high system reliability can be achieved with low-reliability components,
provided that there are a sufficient number of components in parallel. Note that this plot is the mirror image of the

one above that presents the effect of the number of components in a series configuration.

Parallel System’s Reliability vs. Component Reliability

—n=2
—n=3
n=4

—nz6

System Reliability

n=10
n=15

—_—n=20

o 01 02 03 o4 os 06 07 08 o8 1

Component Reliability

Example: Effect of the Number of Components in a Parallel System

Consider a system that consists of a single component. The reliability of the component is 60%, thus the reliability of
the system is 60%. What would the reliability of the system be if the system were composed of two, four or six such

components in parallel?
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Table 4: System reliability as a function of the number of components.

Number of components Systemn Reliability
1 0.6
2 0.84
4 0.9744
6 0.9959

Clearly, the reliability of a system can be improved by adding redundancy. However, it must be noted that doing so

is usually costly in terms of additional components, additional weight, volume, etc.

Reliability optimization and costs are covered in detail in Component Reliability Importance.

System Reliability vs. Number of Components
(components in parallel)

System Reliability

Number of components

Effect of the number of components in a parallel configuration
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Combination of Series and Parallel

While many smaller systems can be accurately represented by either a simple series or parallel configuration, there
may be larger systems that involve both series and parallel configurations in the overall system. Such systems can be
analyzed by calculating the reliabilities for the individual series and parallel sections and then combining them in the

appropriate manner. Such a methodology is illustrated in the following example.
Example: Calculating the Reliability for a Combination of Series and Parallel

Consider a system with three components. Units 1 and 2 are connected in series and Unit 3 is connected in parallel

with the first two, as shown in the next figure.

What is the reliability of the system if [t = 99.5%, Ry = 98.7%and B3 = 97.3%at 100 hours?
First, the reliability of the series segment consisting of Units 1 and 2 is calculated:

Ri2=R;- Ry

Ry 5 =0.9950- 0.9870

Ry 2 =0.982065 or 98.2065%

The reliability of the overall system is then calculated by treating Units 1 and 2 as one unit with a reliability of
98.2065% connected in parallel with Unit 3. Therefore:

R, =1 — [(1 — 0.982065) - (1 — 0.973000)]
R, =1 — 0.000484245

R, =0.999515755

R, =99.95%

k-out-of-n Parallel Configuration

The k-out-of- n configuration is a special case of parallel redundancy. This type of configuration requires that at least
kcomponents succeed out of the total ?parallel components for the system to succeed. For example, consider an

airplane that has four engines. Furthermore, suppose that the design of the aircraft is such that at least two engines
are required to function for the aircraft to remain airborne. This means that the engines are reliability-wise in a

k-out-of- n configuration, where k = 2 and n = 4. More specifically, they are in a 2-out-of-4 configuration.

Even though we classified the k-out-of-n configuration as a special case of parallel redundancy, it can also be viewed
as a general configuration type. As the number of units required to keep the system functioning approaches the total
number of units in the system, the system's behavior tends towards that of a series system. If the number of units
required is equal to the number of units in the system, it is a series system. In other words, a series system of
statistically independent components is an n-out-of-n system and a parallel system of statistically independent

components is a 1-out-of-n system.
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Reliability of k-out-of-n Independent and Identical Components

System
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Engine 3

System
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Engine 1
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Engine 3

Engine 4

The simplest case of components in a k-out-of-n configuration is when the components are independent and
identical. In other words, all the components have the same failure distribution and whenever a failure occurs, the
remaining components are not affected. In this case, the reliability of the system with such a configuration can be
evaluated using the binomial distribution, or:

Ry(k,n, R) = Xn: ('r:) B R

r=k
where:
* nis the total number of units in parallel.
* kis the minimum number of units required for system success.

* Ris the reliability of each unit.
Example: Calculating the Reliability for a k-out-of-n System

Consider a system of 6 pumps of which at least 4 must function properly for system success. Each pump has an 85%

reliability for the mission duration. What is the probability of success of the system for the same mission duration?

n

n n—r
Using Ry(k,n, R) = Z ('r‘) R'(1—=R)" "fork = 4and n = 6

r==~k
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6 . —
R, =Y (T> 0.85"(1 — 0.85)°
r=4
6 4 2, (6 5 1
=, ) 0-85'(1 — 0.85)" + ( . ) 0.85°(1 — 0.85)
6 5] 0
+ ( ) 0.85°(1 — 0.85)

6

=0.1762 + 0.3993 4+ 0.3771
=95.26%

One can examine the effect of increasing the number of units required for system success while the total number of
units remains constant (in this example, six units). In the figure above, the reliability of the k-out-of-6 configuration
was plotted versus different numbers of required units.

Reliability for a k-out-of-6 system for different k values.

k Reliability
1 0.999989
2 0.9996

3 0.99411

4 0.95266

5 0.77648

6 037715

Note that the system configuration becomes a simple parallel configuration for kK = 1 and the system is a six-unit

series configuration ((0.85)° = 0.377)for k = 6,
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Reliability vs. k
(k-out-of-n for n=6)

Reliability

Reliability of Nonidentical k-out-of-n Independent Components

In the case where the k-out-of-n components are not identical, the reliability must be calculated in a different way.
One approach, described in detail later in this chapter, is to use the event space method. In this method, all possible
operational combinations are considered in order to obtain the system's reliability. The method is illustrated with the

following example.
Example: Calculating Reliability for k-out-of-n If Components Are Not Identical

Three hard drives in a computer system are configured reliability-wise in parallel. At least two of them must function
in order for the computer to work properly. Each hard drive is of the same size and speed, but they are made by
different manufacturers and have different reliabilities. The reliability of HD #1 is 0.9, HD #2 is 0.88 and HD #3 is
0.85, all at the same mission time.

Since at least two hard drives must be functioning at all times, only one failure is allowed. This is a 2-out-of-3

configuration.
The following operational combinations are possible for system success:

1. All 3 hard drives operate.

2. HD #1 fails while HDs #2 and #3 continue to operate.
3. HD #2 fails while HDs #1 and #3 continue to operate.
4. HD #3 fails while HDs #1 and #2 continue to operate.

The probability of success for the system (reliability) can now be expressed as:
.Ps :R]_RQRS + l:]. - Rl)RgRg —+ Rl(]. - Rg)Rg
+ RyiRy(1 — Rs)

This equation for the reliability of the system can be reduced to:
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Ry = RiRy + RoR3 + R1R3s — 2R1R2 R

or:

Ry = 95.86%

If all three hard drives had the same reliability, [T, then the equation for the reliability of the system could be further
reduced to:

R, =3R* - 2R?

Or, using the binomial approach:
(3
o T 3—r
R, _z; (T) R'(1-R)
r=

= (g) R*1-R)+ (g) R(1-R)°

=3-R¥1 - R)+R®
—3R? — 2R®

The example can be repeated using BlockSim. The following graphic demonstrates the RBD for the system.

The RBD is analyzed and the system reliability equation is returned. The following figure shows the equation

returned by BlockSim.
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Using the Analytical Quick Calculation Pad, the reliability can be calculated to be 0.9586. The following figure
shows the returned result. Note that you are not required to enter a mission end time for this system into the

Analytical QCP because all of the components are static and thus the reliability results are independent of time.
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Example 10

Consider the four-engine aircraft discussed previously. If we were to change the problem statement to two out of
four engines are required, however no two engines on the same side may fail, then the block diagram would change
to the configuration shown below.
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Engine L2 Engine R1

Note that this is the same as having two engines in parallel on each wing and then putting the two wings in series.

Consecutive k-out-of-n : F Redundancy

There are other multiple redundancy types and multiple industry terms. One such example is what is referred to as a
consecutive k-out-of-n : F system. To illustrate this configuration type, consider a telecommunications system that
consists of a transmitter and receiver with six relay stations to connect them. The relays are situated so that the signal
originating from one station can be picked up by the next two stations down the line. For example, a signal from the
transmitter can be received by Relay 1 and Relay 2, a signal from Relay 1 can be received by Relay 2 and Relay 3,
and so forth. Thus, this arrangement would require two consecutive relays to fail for the system to fail. A diagram of
this configuration is shown in the following figure.

This type of a configuration is also referred to as a complex system. Complex systems are discussed in the next

section.
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Receiver

Complex Systems

In many cases, it is not easy to recognize which components are in series and which are in parallel in a complex

system. The network shown next is a good example of such a complex system.

The system in the figure above cannot be broken down into a group of series and parallel systems. This is primarily
due to the fact that component C'has two paths leading away from it, whereas Band Dhave only one. Several

methods exist for obtaining the reliability of a complex system including:
* The decomposition method.
* The event space method.

* The path-tracing method.
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Decomposition Method

The decomposition method is an application of the law of total probability. It involves choosing a "key" component
and then calculating the reliability of the system twice: once as if the key component failed ( /2 = 0) and once as if
the key component succeeded (R = 1). These two probabilities are then combined to obtain the reliability of the
system, since at any given time the key component will be failed or operating. Using probability theory, the equation
is:
R,=P(sN A)+ P(sn A)
—P(s|A)P(A) + P(s|A) P(A)

Ilustration of the Decomposition Method

Consider three units in series.

 Ais the event of Unit 1 success.
+ Bis the event of Unit 2 success.
+ (is the event of Unit 3 success.
 Sig the event of system success.

First, select a "key" component for the system. Selecting Unit 1, the probability of success of the system is:

R, = P(s|A)P(A) + P(s|A)P(A)
If Unit 1 is good, then:
P(s|A) = RyRs
That is, if Unit 1 is operating, the probability of the success of the system is the probability of Units 2 and 3
succeeding.
If Unit 1 fails, then:
P(s|4)=0

That is, if Unit 1 is not operating, the system has failed since a series system requires all of the components to be

operating for the system to operate. Thus the reliability of the system is:
R. = RyRsP(A) = R\RyRs
Another Illustration of the Decomposition Method

Consider the following system:

o Ais the event of Unit 1 success.
o DBis the event of Unit 2 success.
o (is the event of Unit 3 success.

 5is the event of system success.

Selecting Unit 3 as the key component, the system reliability is:

R, = P(s|C)P(C) + P(s|C)P(C)

If Unit 3 survives, then:
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P(s|C) =1
That is, since Unit 3 represents half of the parallel section of the system, then as long as it is operating, the entire
system operates.

If Unit 3 fails, then the system is reduced to:

P(S|Cj = R]_Rg
The reliability of the system is given by:

R, = P(C) + R RyP(C) = Ry + R Ro(1— Ry)
or:

Rs= Ry + R1Ry — RiRaRa
Example: Using the Decomposition Method to Determine the System Reliability Equation
Do the following for the RBD shown below:

* Use the decomposition method to determine the reliability equation of the system.

* Determine the reliability equation of the same system using BlockSim.

To obtain the solution:

Choose A as the key component, then:
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Event Space Method

The event space method is an application of the mutually exclusive events axiom. All mutually exclusive events are
determined and those that result in system success are considered. The reliability of the system is simply the
probability of the union of all mutually exclusive events that yield a system success. Similarly, the unreliability is the
probability of the union of all mutually exclusive events that yield a system failure. This is illustrated in the

following example.
Illustration of the Event Space Method

Consider the following system, with reliabilities R1, R2 and R3 for a given time.

o Ais the event of Unit 1 success.
» Bis the event of Unit 2 success.

o (is the event of Unit 3 success.

The mutually exclusive system events are:
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X1 =ABC — all units succeed.
X2 =ABC — only Unit 1 fails.
X3 =ABC — only Unit 2 fails.
X4 =ABC — only Unit 3 fails.
X5 =ABC — Units 1 and 2 fail.
X6 =ABC — Units 1 and 3 fail.
X7 =ABC — Units 2 and 3 fail.

X8 =ABC — all units fail.
System events Xg, X7and Xaresult in system failure. Thus the probability of failure of the system is:

Pf: P(X,sUX}'UXg)
Since events XS, X7and Xsare mutually exclusive, then:
Pf = P{Xﬁ) —+ P{X’,‘) —+ P(Xs)

and:

P(Xs) =P(ABC) = (1 - R;)(Rp)(1 — Ry)
P(X7) :P(A-E) = (R1)(1 = Ry)(1 — Ry)
P(Xy) =P(ABC) = (1 - R1)(1 — Ry)(1 — Ra)
Combining terms yields:
Pr=1—-RiRy— Ra3+ RiR2Rs
Since:
R.=1-P;
Then:
Rs= RiRo+ Rz — RiRaRa
This is of course the same result as the one obtained previously using the decomposition method. If = 99.5%,
Rg = QS.T%and R3 = 9?.3%, then:
R, =0.995-0.987 + 0973 — 0.995 - 0.987-0.973

=0.999515755

or:

Ry =99.95%

Path-Tracing Method

With the path-tracing method, every path from a starting point to an ending point is considered. Since system success
involves having at least one path available from one end of the RBD to the other, as long as at least one path from
the beginning to the end of the path is available, then the system has not failed. One could consider the RBD to be a
plumbing schematic. If a component in the system fails, the "water" can no longer flow through it. As long as there is
at least one path for the "water" to flow from the start to the end of the system, the system is successful. This method
involves identifying all of the paths the "water" could take and calculating the reliability of the path based on the
components that lie along that path. The reliability of the system is simply the probability of the union of these paths.

In order to maintain consistency of the analysis, starting and ending blocks for the system must be defined.
Illustration of the Path-Tracing Method

Obtain the reliability equation of the following system.
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The successful paths for this system are:
X1 =ABD and Xy = ACD

The reliability of the system is simply the probability of the union of these paths:
R, =P(X;UX,)
P(X,UX,) =P(X)) + P(Xy) — P(X;NX,)

=P(ABD) + P(ACD) — P(ABCD)
Thus:

R; = RaRpRp+ RiRcRp — RaRpRcRp
Another Illustration of the Path-Tracing Method

Obtain the reliability equation of the following system.

Assume starting and ending blocks that cannot fail, as shown next.

The paths for this system are:
X;=1,2 and X, =3

The probability of success of the system is given by:
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P(XiUX5) =P(X1) + P(Xo) - P(XiNX,)
=P(1,2) + P(3) - P(1,2,3)

Ry= RiRy+ Rz — RiRaR3

Starting and Ending Blocks in BlockSim

Note that BlockSim requires that all diagrams start from a single block and end on a single block. To meet this
requirement for this example, we arbitrarily added a starting and an ending block, as shown in the diagram below.
These blocks can be set to a cannot fail condition, or R= 1, and thus not affect the outcome. However, when the
analysis is performed in BlockSim, the returned equation will include terms for the non-failing blocks, as shown in
the picture of the Equation Viewer.

Roystem = (Rs-Rg(—Ry - Ry- R3+ Ry - Ry + Rj))
Note that since RS = RE = 1, the system equation above, can be reduced to:
Roystem =(1-1(—Ry- Ry- R3 + Ry - Ry + R3))
=—Ry-Ry-R3+ Ry -Ro+ Ry
This is equivalent to R, = RiRy + Rz — Ry RyR3. The reason that BlockSim includes all items regardless of
whether they can fail or not is because BlockSim only recomputes the equation when the system structure has
changed. What this means is that the user can alter the failure characteristics of an item without altering the diagram

structure. For example, a block that was originally set not to fail can be re-set to a failure distribution and thus it
would need to be used in subsequent analyses.

B Equation Yiewer

M ds d 2

Cuk Copy  Paste Prink Prink Add Equation Refresh

| Preview ||k Attachments [ |

| Edit I Save || Refresh |

L 1]
(2) Complete Equation () Symbolic Equation | Reliabilicy Equation | [ ] show Legend Shiow Calors I

(R5.RE( ~RElack 2-RBlack 3-RElack 4 TRElack 2+RBlack 3 T RElack 4.
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Difference Between Physical and Reliability-Wise Arrangement

Reliability block diagrams are created in order to illustrate the way that components are arranged reliability-wise in a
system. So far we have described possible structural properties of a system of components, such as series, parallel,
etc. These structural properties, however, refer to the system's state of success or failure based on the states of its
components. The physical structural arrangement, even though clearly related to the reliability-wise arrangement, is

not necessarily identical to it.
Example: Physical vs. Reliability-Wise Arrangement

Consider the following circuit:

30

\VAVAVA

3Q

\VAVAVA

30

\VAVAVA

The equivalent resistance must always be less than 1.22.

Draw the reliability block diagram for this circuit.

First, let's consider the case where all three resistors operate:

1 1 1 1
+—+

LR
37373
~10

Thus, when all components operate, the equivalent resistance is 1Q, which is less than the maximum resistance of
1.202,
Next, consider the case where one of the resistors fails open. In this case, the resistance for the resistor is infinite and

the equivalent resistance is:

1 1 1 1 2
Ty o0 37373

Thus:
Teg = 1.582 > 1.202 - System failed

If two resistors fail open (e.g., #1 and #2), the equivalent resistance is:

1 1 1 1

1
o txt373

Thus:
Teg = 380 > 1.202 - System failed

If all three resistors fail open:

Teq = 00 > 1.20) - System failed
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Thus, if 71, 72, 73, or any combination of the three fails, the system fails. Put another way, "1and "2and 73must

succeed in order for the system to succeed.

The RBD is:

—»  RBResistor 1 Resistor 2 s Resistor3 |,

r

k4

In this example it can be seen that even though the three components were physically arranged in parallel, their
reliability-wise arrangement is in series.

Load Sharing and Standby Redundancy

Units in load sharing redundancy exhibit different failure characteristics when one or more fail. In the figure below,
blocks 1, 2 and 3 are in a load sharing container in BlockSim and have their own failure characteristics. All three
must fail for the container to fail. However, as individual items fail, the failure characteristics of the remaining units
change since they now have to carry a higher load to compensate for the failed ones. The failure characteristics of
each block in a load sharing container are defined using both a life distribution and a life-stress relationship that

describe how the life distribution changes as the load changes.

A— B — C — p)

Load Share Containter

Standby redundancy configurations consist of items that are inactive and available to be called into service when/if
an active item fails (i.e., the items are on standby). Within BlockSim, a container block with other blocks inside is
used to better achieve and streamline the representation and analysis of standby configurations. The container serves
a dual purpose. The first is to clearly delineate and define the standby relationships between the active unit(s) and
standby unit(s). The second is to serve as the manager of the switching process. For this purpose, the container can
be defined with its own probability of successfully activating standby units when needed. The next figure includes a
standby container with three items in standby configuration where one component is active while the other two
components are idle. One block within the container must be operating, otherwise the container will fail, leading to a
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system failure (since the container block is part of a series configuration in this example).

[A]

A—> B — C —» [52

[S:1]

Standby Container 1/3

Because both of these concepts are better understood when time dependency is considered, they are addressed in

more detail in Time-Dependent System Reliability (Analytical).

Inherited Subdiagrams

Within BlockSim, a subdiagram block inherits some or all of its properties from another block diagram. This allows
the analyst to maintain separate diagrams for portions of a system and incorporate those diagrams as components of
another diagram. With this technique, it is possible to generate and analyze extremely complex diagrams
representing the behavior of many subsystems in a manageable way. In the first figure below, Subdiagram Block A
in the top diagram represents the series configuration of the subsystem reflected in the middle diagram, while
Subdiagram Block G in the middle diagram represents the series configuration of the subsubsystem in the bottom
diagram.
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Example: Calculating the Reliability with Subdiagrams

For this example, obtain the reliability equation of the system shown below.

f—
Computer Computer
System 1 Systermn 2

Computer System 1 Computer System 2

The system reliability equation is:

RSysEem = RC'ompuEe'rl ’ RCmnpuferZ

Now:
RCmnpuferl :(RPm.r.'e'r Supply -~ RProcessm" ) RHa'rdD'rive '(_RFa.n ) Rch + RFaﬂ + RF&n))

Since the structures of the computer systems are the same, RC’mnpuferl = RCmnputerZ, then substituting the first

equation above into the second equation above yields:

RSysEem - {RPD’I.L‘B‘I" Supply -~ RProcessm" ) RHa'rdD'rive( _R?Faﬂ + QRFGH))E
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When using BlockSim to compute the equation, the software will return the first equation above for the system and
the second equation above for the subdiagram. Even though BlockSim will make these substitutions internally when

performing calculations, it does show them in the System Reliability Equation window.

Multi Blocks

By using multi blocks within BlockSim, a single block can represent multiple identical blocks in series or in parallel
configuration. This technique is simply a way to save time when creating the RBD and to save space within the
diagram. Each item represented by a multi block is a separate entity with identical reliability characteristics to the
others. However, each item is not rendered individually within the diagram. In other words, if the RBD contains a
multi block that represents three identical components in a series configuration, then each of those components fails
according to the same failure distribution but each component may fail at different times. Because the items are
arranged reliability-wise in series, if one of those components fails, then the multi block fails. It is also possible to
define a multi block with multiple identical components arranged reliability-wise in parallel or k-out-of-n

redundancy. The following figure demonstrates the use of multi blocks in BlockSim.

= 000000

eh
i
s

Mirrored Blocks

While multi blocks allow the analyst to represent multiple items with a single block in an RBD, BlockSim's mirrored
blocks can be used to represent a single item with more than one block placed in multiple locations within the
diagram. Mirrored blocks can be used to simulate bidirectional paths within a diagram. For example, in a reliability
block diagram for a communications system where the lines can operate in two directions, the use of mirrored blocks

will facilitate realistic simulations for the system maintainability and availability.

It may also be appropriate to use this type of block if the component performs more than one function and the failure
to perform each function has a different reliability-wise impact on the system. In mirrored blocks, the duplicate block
behaves in the exact same way that the original block does. The failure times and all maintenance events are the

same for each duplicate block as for the original block.

To better illustrate this consider the following block diagram:
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4B

In this diagram Bmis a mirrored block of 3. Since Band Bmare identical, this diagram is equivalent to a

diagram with A, Band C'in series, as shown next:

A —> B — C

Example: Using Mirrored Blocks

In the diagram shown below, electricity can flow in both directions. Successful system operation requires at least one

output (O1, O2 or O3) to be working. Create a block diagram for this system.
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02 03 IN2

6 5 4
3

7 1 2
o1 IN1

The bidirectionality of this system can be modeled using mirrored blocks. The RBD is shown next, where blocks 5A,
7A and 1A are duplicates (or mirrored blocks) of 5, 7 and 1 respectively.
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RBDs for Failure Modes and Other Applications

In this reference, most of the examples and derivations assume that each block represents a component/subassembly
in a larger system. The same methodology and principles can also be used for other applications. For example, all
derivations assume that the event under consideration is the event of failure of a component. One can easily take this
principle and apply it to failure modes for a component/subsystem or system. To illustrate this, consider the

following examples.
Example: RBDs for Failure Mode Analysis

Assume that a system has five failure modes: A, B, C, D and F. Furthermore, assume that failure of the entire system
will occur if mode A occurs, modes B and C occur simultaneously or if either modes C and D, C and F or D and F
occur simultaneously. Given the probability of occurrence of each mode, what is the probability of failure of the
system?

The following figure shows the diagram for this configuration. Analysis of this diagram follows the same principles

as the ones presented in this chapter and can be performed in BlockSim, if desired.
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# .I

1 out of 2 out of 3

Another Example for Failure Mode Analysis

Assume that a system has six failure modes: A, B, C, D, E and F. Furthermore, assume that failure of the entire
system will occur if:

* Mode B, C or F occurs.
* Modes A and E, A and D or E and D occur.

The diagram is shown next:

g

a o @

The reliability equation, as obtained from BlockSim is:
Rsystem =(=2Ra- Rp - Ro - Rp - Ry3- Re - Rp
+RA'RB'RC'RD'R2,‘3'RF
+ Ry-Rg-Re-Rops- R - Rp
+RB'RO'RD'R‘2,/3'RE'RF)

The BlockSim equation includes the node reliability term RE,'E swhich cannot fail, or R?fs = 1. This can be
removed, yielding:
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Rsystem =(—2R4 - Rp-Rec - Rp- Rp- Rp
+Rs-Rp-Ro- Rp- Rp
+Rs-Rg-Re- Rg- Rf
+RB'RC'RD'RE'RF)

Symbolic Solutions in BlockSim

Several algebraic solutions in BlockSim were used in the prior examples. BlockSim constructs and displays these

equations in different ways, depending on the options chosen. As an example, consider the complex system shown

When BlockSim constructs the equation internally, it does so in what we will call a symbolic mode. In this mode,

next.

portions of the system are segmented. For this example, the symbolic (internal) solution is shown next and composed

of the terms shown in the following equations.

® Equation Viewer

<] ds H 2

Cut Copy Paste Print Print  Add Equation Refresh

| Preview || to Attachments || |
I Edit I Save | Refresh
() Complete Equation ~ (©) Symbolic Equation; |Reliabi|ity Equation &,l [] Show Legend Show Colors

I]"=- R3IR4IRSIR.6+ R3IR4IR5+ R3IR4IR.6+ R3IRSIR.6+ R4IR5lR.6- R3IR4- R3IR5- R3IR.6- RA-IRS- R4IR.6- RSIR.6+ R3 + R4+ R5

[11==R5.R0.R10:R8:R2.01+R5.R0.R10:R8.D1+ 2R5.R0.R10:R2.D1+R5.R10:R8:R2.01+Rg.R10:Rg:R2.D1-R5.Rg.R10.R2-
Rs5.R0.R1p-D1=Rs.Rg.R2.D1=Rs.R10.R2.D1=Ra.R13.Rg.D1=Rg.R17:R2.D1=R10.Rg.R2.D1*+Rs.Ra.R2=R5.Rg.D1
+Rg.R10:D1%+Rs5.D1+R10:.R2+Rg.D1

Rsystem ==+R1-R11.I11
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It=—R3-Rs-Rg-Ry+ Rz R5- Rg + Rz - Rs - Ry
+ H3-Rg-Hy+ R5- Rg- Ry — Ry - Rs — R3 - Ry
— R3- Ry — Rs- Rg — Rs - Ry — Rg- Ry + R;

+ Rs + R + Ry
Dy =+R;-I7

Iy =—=Ry-Ryg-Rs-Ryo-Rs- D1+ Ry- Ry - Rs - Ryp - Dy
+ Ry Ryg-Ryo-Rg-Dy+ Ry R5 - Ryo - Rg - Dy
— Ry Rs-Ryg- Dy — Ry~ Ryg- Rg- Dy + Ry - Rs - Rs - Dy
— Ry -Ry-Rig— Ry-Ry- Dy — Ry~ R5- Dy — Ry~ R - D
—Rs - Rs- Dy + Ry - Ry + Ry - Ryo+ Ry - D4

+ Rs- Dy + Rg - Dy
Rsystem = +R1 - By - Iy
These terms use tokens to represent portions of the equation. In the symbolic equation setting, one reads the solution
from the bottom up, replacing any occurrences of a particular token with its definition. In this case then, and to
obtain a system solution, one begins with RSysEem. RSystemcontains the token £11. This is then substituted into
RSysfemyielding:
Rsystem = + Ry - Ryy(—Ry - Rg- Rs - Ryo - Rg - Dy
+ Hy - R - Rs- Rig- Dy + Ry - Ry - Rag - Rs - Dy
+ Ry - R5- Ryp- Rg - Dy
—Ry- Rs-Ryp- Dy — Ry - Ry - Rg - Dy
+ Ry - R5-Rg- Dy — Ry - Ry - Ryp
— Ry Rg-Dy —Ry-Rs- Dy — Ry~ Rg- Dy
— R5- Rg- Dy + Ry - Ry
+ Ry - Ryo+ Ro - Dy + Rs- Dy + Rg - Dy)
Now the equation above contains the token D\, The next step is to substitute Diinto the equation . Doing so yields

I 7, shown next.
Rsystem =+ Ry - Ryt (—Ry - Ry - Rs - Ryo - Ry - (R - I7)

+ Ry- Ry~ Rs- Ryo- (R7- I7)
+ Ry - Ry - Ry~ Rg - (R - I7)
+ Ry - R5- Ryo- Rs - (R7- I7)
— Ry« Rs - Ry - (R7- I7)
— Ry-Ryo-Rs - (R7-I7)+ Ry - R5- R - (R7 - I7)
— Ry Ry~ Ry
~Ry-Ry-(Rr-Ir) — Ry~ Rs - (R - Iy)
— Ry Rg-(Rr-I7) — Rs- Ry - (Rr- I7) + Ra - Ry
+ Ry Ryo+ Ry - (Ry - I7)
+ Rs - (Ry-I7)+ R - (Ry - I7))

The equation above contains the token D1, The last step is then to substitute RSysfeminto equation above:

Rsystem = +Ry-Ryy(—Ry R Rs Ryo Rs Ry (—Ra: Ry Rg R4+ Ra- Rs- R+ Ra- Ry R+ Ra: R Ry+ Rs-Rg-Ry— Ry R5— Ry Rg—Ra Ry—Rs-Rg— R Ry— Rg Ry+Ra+ Rs+Ro+ Ry)) + o+ Ry Rs- Ryp-|

When the complete equation is chosen, BlockSim's System Reliability Equation window performs these token
substitutions automatically. It should be pointed out that the complete equation can get very large. While BlockSim

internally can deal with millions of terms in an equation, the System Reliability Equation window will only format
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and display equations up to 64,000 characters. BlockSim uses a 64K memory buffer for displaying equations.

Identical Block Simplification Option (''Use IBS"')

When computing the system equation with the Use IBS option selected, BlockSim looks for identical blocks (blocks
with the same failure characteristics) and attempts to simplify the equation, if possible. The symbolic solution for the

system in the prior case, with the Use IBS option selected and setting equal reliability block properties, is:

R3 = R = R1 = Rs
I; = +4R3; — 6R5 +4R; — R,
Dy =+4R;- Iz

Ji'11

=—Ry-Rg-Rs-Rio-Rs- D1+ Ry- Ro- Rs - Ryo- Dy

+ Ry-Ry-Ryp-Rg-Dy 4+ Ry - Rs - Ry - Rg - Dy
—Ry-Rs-Ryo-Dy— Ry Ryo- Rg- Dy + Ry - Rs - Rg - Dy
— Ry Ry~ Ryp — Ry - Ry - Dy — Ry - Rs - Dy

— Ry-Rg-Dy — Rs- Rg- Dy 4+ Ry - Rg+ Ry - Ry

+ Ry -Dy+ Rs- Dy + Rg - Dy

=+Ry - Ry - Iy
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+RBlock 5))_RB|DCK 9:RElock 10:RElock Z(RBlock ?('RBlock 3RBlock 4sRElock 5+RElock & T Relock 3:Relock 4:RElock S hd

When using IBS, the resulting equation is invalidated if any of the block properties (e.g., failure distributions) have

changed since the equation was simplified based on those properties.
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B Equation Yiewer
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Cut Copy  Paste Print Print Add Equation Refresh
Preview to Attachments |

() Complete Equation  (©) Symbalic Equation |Reliability Equation [ show Legend Show Calar:

Ielock 7=+ 4RBlack 3 BRelack 32 T 4RBlck 3° Relack 3

D11=*+RElack 7:16lock 7

IBlack 11="Fblock 5-FElock 9:RElock 10:FElock 8:RElack .01 +Rblock 5-Relock 9:PElock 10:FBlock 8:01 +2Rblack
5+RElock 9:FElock 10:Relock 2:01 +Rblock 5:RElock 10:RElock &-Relock 2:01 TRelock 9:RBlack 10:RElock &+ Relock
2:01Rhlock 5:Relack 9:Relack 10:Relack 2 Rhlack 5:Relack 9:.Relack 10:01 Rblack 5.RBlack 3:RElack 2:01 ~Rhlack
=:FElock 10:FBlock 2:.01 "Relock 3:REBlock 10:RElock 8:0'1 “FElock 9:RElack 10-RElock 2:.01 Relock 10:RBlock

&+ RElock 2:01 +Rblock 5+Relock 9:RElack 2 Rblack 5:Relock &:01 TRElck 9:RBlock 10:01 T Rblack 5:01 T RElock
10:FElack 2 TRBlack 5.01

RSystem = tFElack 1:FElack 11 J6lack 11

Because of Identical Block Simplification, the following blocks are equivalent:
RElock 3=RElock 4=RElock 5=RElock &
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Chapter 4

Time-Dependent System Reliability (Analytical)

In the RBDs and Analytical System Reliability chapter, different system configuration types were examined, as well
as different methods for obtaining the system's reliability function analytically. Because the reliabilities in the
problems presented were treated as probabilities (e.g., P [A), R;), the reliability values and equations presented

were referred to as static (not time-dependent). Thus, in the prior chapter, the life distributions of the components
were not incorporated in the process of calculating the system reliability. In this chapter, time dependency in the
reliability function will be introduced. We will develop the models necessary to observe the reliability over the life
of the system, instead of at just one point in time. In addition, performance measures such as failure rate, MTTF and
warranty time will be estimated for the entire system. The methods of obtaining the reliability function analytically
remain identical to the ones presented in the previous chapter, with the exception that the reliabilities will be
functions of time. In other words, instead of dealing with R, we will use Rg{t) All examples in this chapter

assume that no repairs are performed on the components. Repairable systems analysis will be introduced in a

subsequent chapter.

Analytical Life Predictions

The analytical approach presented in the prior chapter involved the determination of a mathematical expression that
describes the reliability of the system, expressed in terms of the reliabilities of its components. So far we have
estimated only static system reliability (at a fixed time). For example, in the case of a system with three components

in series, the system's reliability equation was given by:

Rs == Rl . Rg . R3
The values of Rl, Roand Rawere given for a common time and the reliability of the system was estimated for that
time. However, since the component failure characteristics can be described by distributions, the system reliability is
actually time-dependent. In this case, the equation above can be rewritten as:

R,(t) = Ru(t)- Ro(t) - Ra(t)
The reliability of the system for any mission time can now be estimated. Assuming a Weibull life distribution for

each component, the first equation above can now be expressed in terms of each component's reliability function, or:

r) = @) )67

In the same manner, any life distribution can be substituted into the system reliability equation. Suppose that the
times-to-failure of the first component are described with a Weibull distribution, the times-to-failure of the second
component with an exponential distribution and the times-to-failure of the third component with a normal

distribution. Then the first equation above can be written as:

Ryt) =)Lt {1 s (t — ’“3)]

2k}
It can be seen that the biggest challenge is in obtaining the system's reliability function in terms of component

reliabilities, which has already been discussed in depth. Once this has been achieved, calculating the reliability of the
system for any mission duration is just a matter of substituting the corresponding component reliability functions

into the system reliability equation.
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Advantages and Disadvantages

The primary advantage of the analytical solution is that it produces a mathematical expression that describes the
reliability of the system. Once the system's reliability function has been determined, other calculations can then be

performed to obtain metrics of interest for the system. Such calculations include:
e Determination of the system's pdf.
¢ Determination of warranty periods.
¢ Determination of the system's failure rate.
¢ Determination of the system's MTTF.

In addition, optimization and reliability allocation techniques can be used to aid engineers in their design
improvement efforts. Another advantage in using analytical techniques is the ability to perform static calculations
and analyze systems with a mixture of static and time-dependent components. Finally, the reliability importance of

components over time can be calculated with this methodology.

The biggest disadvantage of the analytical method is that formulations can become very complicated. The more
complicated a system is, the larger and more difficult it will be to analytically formulate an expression for the
system's reliability. For particularly detailed systems this process can be quite time-consuming, even with the use of
computers. Furthermore, when the maintainability of the system or some of its components must be taken into
consideration, analytical solutions become intractable. In these situations, the use of simulation methods may be
more advantageous than attempting to develop a solution analytically. Simulation methods are presented in later

chapters.

Looking at a Simple '""Complex'' System Analytically

The complexity involved in an analytical solution can be best illustrated by looking at the simple complex system

with 15 components, as shown below.

3 ﬂ

'n_, [/ y {
\\I AHI
3\ 1 ]

The system reliability for this system (computed using BlockSim) is shown next. The first solution is provided using

Y

/
!
/
J
!
!
!
!
/
/
!

BlockSim's symbolic solution. In symbolic mode, BlockSim breaks the equation into segments, identified by tokens,
that need to be substituted into the final system equation for a complete solution. This creates algebraic solutions that

are more compact than if the substitutions were made.
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Rsystem =D2-D3 - Ry,
D3=+Rg-IK
IK=+R;-R;-Rp-Rg-Rrp-Ry — R;y-R;-Rop-Rg- Rp
—R;-R;-Rp-Ry — Ry-Rp- Rp- Ry
— Ry-Rg-Rp-Ry+ Rr-Ro - Rp
+ R;-Rp-Rp+ R;-Rp- Ry + Ry Re
D2=+R,-Rg-IE
IE=—D1-Ry-Hy+ Ry - By + D1
Dl=+ Rp-ID

ID =~ Rg-Re+ Rp+ Re
Substituting the terms yields:

Rsystem =Ra- Rp- By Ry
-{(Rp-Rp-Ro+ Rp+ Re) - Ry - Ry
+ Ry - By — Rp- Rp - Re + Rp + R}
{R;-R;-Ro-Rg-Rp-Ry —R;-R;-Ro- Rg - Ry
~ Ry R;-Rp-Ry — R;-Ro-Rr- Ry
—R;-Rg-Rp-Ry+ R;- Ro - Rr
+Rr-Rp-Ry+ Ry- Rp- Ry + Ry - Rg}

BlockSim's automatic algebraic simplification would yield the following format for the above solution:

Rsystem =((Ra- Rg(—(Rp(—Rg- Rc+ Rg+ R¢))Ry - Ry

+ R - Ry
+ (Rp(=Rp - Rc + Rg + Rc))))
(Rx(Ri-Ry-Ro- Rq-Rp- Ry
—R;-R;-Ro-Rg-Rp—R;-R;-Rp- Ry
—R;-Ro-Rp-Ry—Ry-Rg-Rp- Ry
+ RI-Ro- R
+R;-Rp-Ryg + Rj-Rp-Ry+ R;-Rg))Ry)

In this equation, each Rgrepresents the reliability function of a block. For example, if R shas a Weibull

t

A
distribution, then each R 4(t) — e_(«q_A) and so forth. Substitution of each component's reliability function in

the last RSystemequation above will result in an analytical expression for the system reliability as a function of
time, or Is (f-), which is the same as (1 —cdf Sysfem)-

Obtaining Other Functions of Interest

Once the system reliability equation (or the cumulative density function, cdf) has been determined, other functions
and metrics of interest can be derived.

Consider the following simple system:

8 O
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Furthermore, assume that component 1 follows an exponential distribution with a mean of 10,000 ( }# = 10,000,
A= 1;" 1[], DDD)and component 2 follows a Weibull distribution with ﬂ = Band n= 1[], 000, The reliability

equation of this system is:

g
:E_'\E . E_{%)

—e 10,}300‘ ) E_(w,fmﬂ)ﬁ

The system cdf is:
Fs(t) =1 — (Ru(t) - Ra(t))

—1— (e_u .e—(i)g)

&
-1 — (e_w,lomf ) e_(w,f}m) )

System pdf
Once the equation for the reliability of the system has been obtained, the system's pdf can be determined. The pdf is

the derivative of the reliability function with respect to time or:

o = 220

For the system shown above, this is:

folt) =— dit (e_lﬁ,}}ﬂﬂf ) e_(w,f}m)ﬁ)

- _ i ( __10,11-}an) ) E_{w,f}n-o)ﬁ
dt
)

dt

=fi(t) - Ra(t) + folt) - Ry(t)
The next figure shows a plot of the pdf equation.

Probability Density Function

RBDI
b

1.6006-04

1.200€-04

f(t)

8.000E-05

4.000E-05

4000.000 8000.000 12000.000 16000.000 20000.000

Time (Hr)
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Conditional Reliability

Conditional reliability is the probability of a system successfully completing another mission following the
successful completion of a previous mission. The time of the previous mission and the time for the mission to be
undertaken must be taken into account for conditional reliability calculations. The system's conditional reliability
function is given by:
R(T +1)
R(T, 1) ="
R(T)
Equation above gives the reliability for a new mission of duration fhaving already accumulated 1 hours of
operation up to the start of this new mission. The system is evaluated to assure that it will start the next mission

successfully.

For the simple two-component system, the reliability for mission of t = 1, 000nours, having an age of 1" = 500

hours, is:

Rs(T = 500,¢ = 1000) z%
_ R(1500)

R(500)

_ 1500 g 1500 \"
e 10,000 . o 10,0-00)

__500 . ¢ 500 )ﬁ
e 10,0007 . o \10,000

=0.9048 = 90.48%

Conditional Reliability for Components

Now in this formulation, it was assumed that the accumulated age was equivalent for both units. That is, both started
life at zero and aged to 500. It is possible to consider an individual component that has already accumulated some
age (used component) in the same formulation. To illustrate this, assume that component 2 started life with an age of
T = 100. Then the reliability equation of the system, as given in Rs(t) = Rl(f) 'Rz(t), would need to be
modified to include a conditional term for 2, or:

RQ(TQ + f)
RQ(TQ)

In BlockSim, the start age input box may be used to specify a starting age greater than zero.

System Failure Rate

Once the distribution of the system has been determined, the failure rate can also be obtained by dividing the pdf by

the reliability function:
fs (1)
A (1) =

( ) Rs (t)

For the simple two-component system:
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at
As (1) = 1 t 38
e 10,000° . E_(w,cm)

1, { t G
_ 4 | & 10,000 —d [T 10,@00)
dt \ © dt \

= 1 +

_d (e—w,}}m‘ ) E—{wj}m)ﬁ)

[

e 10,000° e_(w,f}m)
AL b
R, Rj

=AM+ Ao

The following figure shows a plot of the equation.

Failure Rate vs. Time

0.0006

0.0005

Failure Rate, f(t)/R(t)

0.0003

0.0002

2000.000 4000.000 6000.000 8000.000 10000.000

Time (Hr)

BlockSim uses numerical methods to estimate the failure rate. It should be pointed out that as £ — ©C, numerical

evaluation of the first equation above is constrained by machine numerical precision. That is, there are limits as to

how large tcan get before floating point problems arise. For example, at t =5,000,000p0th numerator and
5,000,000

denominator will tend to zero (e.g., o~ 10,000 — 71245 x 10219 As these numbers become very small they

. . . . . . . 0 X .
will start looking like a zero to the computer, or cause a floating point error, resulting in a jor yoperation. In these
cases, BlockSim will return a value of " i“‘vr/' A" for the result. Obviously, this does not create any practical

constraints.

System Mean Life (Mean Time To Failure)
The mean life (or mean time to failure, MTTF) can be obtained by integrating the system reliability function from
zero to infinity:
s
MTTF = [~ R, (t)dt
0

The mean time is a performance index and does not provide any information about the behavior of the failure

distribution of the system.

For the simple two-component system:

o0 1 £ i
MTTF = f (e‘w,ﬂﬂﬂ‘ : E—{w,.m) )dt
0

=5978.9
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Warranty Period and BX Life

Sometimes it is desirable to know the time value associated with a certain reliability. Warranty periods are often
calculated by determining what percentage of the failure population can be covered financially and estimating the
time at which this portion of the population will fail. Similarly, engineering specifications may call for a certain BX
life, which also represents a time period during which a certain proportion of the population will fail. For example,
the B10 life is the time in which 10% of the population will fail. This is obtained by setting Rs(t)to the desired

value and solving for t.

For the simple two-component system:

-t . (o)
R, (t) = ¢ W0,000" . o=\ 10,000
To compute the time by which reliability would be equal to 90%, equation above is recast as follows and solved for

t.

1 t
0.90 = ¢ 10,000° . E_{‘LD,OD-D)
In this case, t = 1053.59. Equivalently, the B10 life for this system is also 1053.59. Except for some trivial cases,
a closed form solution for fcannot be obtained. Thus, it is necessary to solve for fusing numerical methods.

BlockSim uses numerical methods.

Examples

Components in Series

Consider a system consisting of 3 exponential units, connected in series, with the following failure rates (in failures
per hour): A1 = 0.0002, Ay = 0.0005and Az = 0.0001,
* Obtain the reliability equation for the system.
e What is the reliability of the system after 150 hours of operation?
* Obtain the system's pdf.
* Obtain the system's failure rate equation.
e What is the MTTF for the system?
e What should the warranty period be for a 90% reliability?
Solution
The analytical expression for the reliability of the system is given by:

Ry(t) =Ry (t) - Ra(t) - Ra(t)

._ME . E—J\?E LAt

£ e

—e— (A +ra+Ag)t
At 150 hours of operation, the reliability of the system is:

R, (t) — ¢~ (0.000240.0005+0.0001)150

=0.8869 or 88.69%

In order to obtain the system's pdf, the derivative of the reliability equation given in the first equation above is taken

with respect to time, or:

- AR

d [E—{Ju +J\2+J\3]E:|
B dt
=(M + A2+ A3) - e (M Az +Ag)t
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The system's failure rate can now be obtained simply by dividing the system's pdf given in the equation above by the
system's reliability function given in the first equation above, and:
_ f 5 (t)
- Ri(1)

(A1 + Ao+ Az) - e~ (A1 +Az+Ag)t

e—(A+Az+Az)t

=(A1 + A2 + A3)
=0.0008 fr/hr

As ()

Combining MTTF = fo R, (t} dtand the first equation above, the system's MTTF can be obtained:
MTTF:j‘RAﬂﬁ
0

— /OO E—{Ju-l—lz-l—ls]tdt
0

1
(AL + A2 + Az)
=1250 hr

Solving the first equation above with respect to time will yield the corresponding warranty period for a 90%

reliability. In this case, the system reliability equation is simple and a closed form solution exists. The warranty time

can now be found by solving:
In(R)
Mt ht A
In(0.9)
~ 0.0008

=131.7 hr
Thus, the warranty period should be 132 hours.

t =

Components in Parallel

Consider the system shown next.

Start End

Components Athrough Eare Weibull distributed with 3 = 1.2and 1 = 1230hours. The starting and ending
blocks cannot fail.

Determine the following:



http://reliawiki.org/index.php?title=File%3ABS5.5.png

Time-Dependent System Reliability (Analytical)

70

* The reliability equation for the system and its corresponding plot.
* The system's pdf and its corresponding plot.

* The system's failure rate equation and the corresponding plot.

* The MTTF.

* The warranty time for a 90% reliability.

* The reliability for a 200-hour mission, if it is known that the system has already successfully operated for 200
hours.

Solution

The first step is to obtain the reliability function for the system. The methods described in the RBDs and Analytical
System Reliability chapter can be employed, such as the event space or path-tracing methods. Using BlockSim, the
following reliability equation is obtained:

Ry(t) =(Rstart - Rina(2Ra - Rp - Re - Ry Ris
—Ry-Rp-Re-Rp—Rs-Rp-Re-Rg
—Ra-Rp-Rp-Rp— R4 Ro-Rp- Rg
—Rp-Re-Rp-Rp+Ry- Ro- Rg
+ Rp-Re-Rp+ Ry Rp+ Rp - Rg))

Note that since the starting and ending blocks cannot fail, Rstart = land Rena = 1ithe equation above can be
reduced to:

R,(t)=2-R.-Rp-Rec- Rg- Re
—Ra-Rp-Re-Rp— Ra-Rp-Reo- Rp
—Ry-Rp-Rp-Rg— Ra-Re-Rp- Re
—Rp-Ro-Rp-Rep+ Ra-Ro- Rg
+ Rp-Re-Rp+ Ry-Rp+ Rp - Rg

where F 4is the reliability equation for Component A, or:
g

R = @)

Rgis the reliability equation for Component I3, etc.

Since the components in this example are identical, the system reliability equation can be further reduced to:

R.(t) = 2R(t)* + 2R(t)* — 5R(t)* + 2R(t)°

Or, in terms of the failure distribution:

Ry(t)=2- E‘E{%)S +92. E_S(i)j _5. 6‘4{%)3 +92. 5_5(n£)3

The corresponding plot is given in the following figure.
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Reliability vs. Time
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In order to obtain the system's pdf, the derivative of the reliability equation given above is taken with respect to time,
resulting in:

fu(t) =4 E(f)ﬁ_le—z(if 6. E(E)ﬁ_le—a(éf

n\n n\n
-1 48 A—1 48
_QD.E(£> E_“(E) +1D.E(£) 6_5{5)
n\n n\n

The pdf can now be plotted for different time values, £, as shown in the following figure.

Probability Density Function
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Time (Hr)

The system's failure rate can be obtained by dividing the system's pdf, given in equation above, by the system's
t t

reliability function given in R (t)=2- 6_2{5) 19 6_3(%)3 s 6—4{%) + 2. 6—5(;) , or:
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—2(%)5 +6- %(%)'3_16—3&)5

As(t) = - 7 B 7 B
Y 1 3 3 (3
202 %)-3_16—4(%)5 +10- g(%)ﬁ_le—S(ﬁ)ﬁ
_l’_
0.5 0.2 L5 (5) g ()

The corresponding plot is given below.

Failure Rate vs. Time
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The system is

MTTFof the
t t

8
Rs(t) — 2 . E::(E) + 2 . 6_3(?‘]
MTTF = [J

shown in the figure below.

obtained by integrating the

i

system's
8 £\ 58 Y
) —5. 6—4(1?) +2. 6_5(’?) from time zero to infinity, as given by

reliability function given by

R (t) dt. Using BlockSim's Analytical QCP, an MTT Fof 1007.8 hours is calculated, as

Hr No Bounds Captit
Units 3/ | Optiors s
Calculate Input
Reliability
Probabiity Prob. of Faiure
Cond, Reliability
Cond. Prob. of Faiure
Refiable Life Mean Life - 1007.7856 Hr
Life | | BX% Life |
Mean Life =
Rate | | Failure Rate Repart:
Calculate Print
; | Close:

The warranty time can be obtained by

the Analytical QCP and selecting the Reliable Life option, a time of 372.72 hours is obtained, as shown in the

following figure.

solving R (t)with respect to time for a system reliability R, =009, Using
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e oP

Lastly,

372.7216 H

Hr No Bounds

rs Q\;I_I Units w Optians ~
Calculate Input
Reliability Required Reliability
Probabilky Prob. of Faiure

Cond. Reliakility

Cond. Prob, of Faiure

Reliable Life L
tfe | | EX% Lifie )
| Mean Life I
Rate || Failure Rate I Report
Calculate Print
| | Close | .
y - . . R(T+1)
the conditional reliability can be obtained using R(T, t) =

= A = =
Ry(t)=2- E_Q(TEI) +2. 5_3{%) _5. 5_4(%) +2. 8_5{;) , or:

R(400)

R(200,200) =—=——

R(200)
~ 0.883825

- 0.975321
=0.906189

This can be calculated using BlockSim's Analytical QCP, as shown below.

Options e

Calculate Input
| Reliability I WMission Start Time (Hr)
Probabiity | . Prob. of Failure ) Mission Additional Time (Hr)
Cond, Reliability L
| Cond. Prob, of Failure
" Cond. Reliability
{ Beliable Life ] R(tl=2001t2=200) = 0.3062
Lfe | | Bx% Lifia |
| Mean Life I
Rate || Failure Rate I Repart
Calculate Frint
| | Close J
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Approximating the System cdf

In many cases, it is valuable to fit a distribution that represents the system's times-to-failure. This can be useful when
the system is part of a larger assembly and may be used for repeated calculations or in calculations for other systems.
In cases such as this, it can be useful to characterize the system's behavior by fitting a distribution to the overall
system and calculating parameters for this distribution. This is equivalent to fitting a single distribution to describe

Rs(f-). In essence, it is like reducing the entire system to a component in order to simplify calculations.

g O

5]
Rs(t) = E_w,}mﬂ‘ ) E_{w,fmﬂ)

For the system shown below:

To compute an approximate reliability function for this system, R4 (f) = Rs(f), one would compute Ttpairs of
reliability and time values and then fit a single distribution to the data, or:

Rs(t =10,396.7) = 10%
Rs(t =9,361.9) = 20%

Rs(t =1,053.6) = 90%
A single distribution, R.a(f), that approximates Rs(f-)can now be computed from these pairs using life data
analysis methods. If using the Weibull++ software, one would enter the values as free-form data.

Example

Compute a single Weibull distribution approximation for the parallel system in the previous example.

Solution

Assume that the system can be approximated by a 2-parameter Weibull distribution with 3 = 2.02109n4

1 = 1123.51. 1n BlockSim, this is accomplished by representing the entire system as one distribution. To do this,
click the Distribution fit area on the diagram's control panel, as shown next.



http://reliawiki.org/index.php?title=File%3A5-2.png

Time-Dependent System Reliability (Analytical) 75

M

E'Tll_ Analytical =

—— | Results valid as of

-'-’/' 2/92012 3:39:05 PM (s

e —

*=2| | Distribution Fit

*——.. ZP-Weibul |azs
RED

Mumnber af Blocks 7

Created

peEngying nig

Date 2lgjz01z

Tirne 2037 PM

Modified

pengying nig

Date z2lajzolz

Time 339PM

Comments

This opens the Distribution Estimator window, which allows you to select a distribution to represent the data.

& Distribution Estimator (Fg 5.5)

Distribution Fitted Parameters

- | (Octa 20211

Eta 1173.5131

LInits

Howr (Hr)

Additional Options

|| Use Distribution Wizard (does nat apply bo Mixzed Weibull)

|| Create weibull4++ data set

Murmber of sampling points

Update || Zancel



http://reliawiki.org/index.php?title=File%3AFig_5.13.PNG
http://reliawiki.org/index.php?title=File%3AFig_5.12.PNG

Time-Dependent System Reliability (Analytical)

76

When you analyze the diagram, BlockSim will generate a number of system failure times based on the system's
reliability function. The system's reliability function can be used to solve for a time value associated with an
unreliability value. For example, consider an unreliability value of F (f) = 0.11. Using the system's reliability
equation, the corresponding time-to-failure for a 0.11 unreliability is 389.786 hours. The distribution of the generated

time values can then be fitted to a probability distribution function.

When enough points have been generated, the selected distribution will be fitted to the generated data set and the
distribution's parameters will be calculated. In addition, if ReliaSoft's Weibull++ is installed, the fit of the
distribution can be analyzed using a Weibull++ standard folio, as shown in the next figure. It is recommended that

the analyst examine the fit to ascertain the applicability of the approximation.

File: Home Ity Portal Project: Inserk Wigw IELiFe Data Dsheet Options - @ - 7 x
'l % & Batch Auto Run a1l Kl Insert Data sheet & == g = |
Gk g Distribution Wizard Il::)l Specify Points | B4 Insert Additional Plot % —+ EE] - w
Calculate  Plot - - Alker Override
£y =50 * G D Insert General Spreadsheet | Data Type Plot Color %
Ainalysis Ui Options I Folio Sheets I Format and Yiew || Synthesis
ca3 | Main ‘
K-Auis -Axis Subset Wil STANDARD FOLIO
value (H value, (%) D1
1 136, 1072048 1 g_'ﬂ Disktribution =
2 182.3471633 1.95539599 /
3 216,9356115 297979793
4 245.8203389 3.96960607 e Analysis Settings
5 271.1445809 4,95950506 :
iy RR= SRM
5] 294.030703 5.949494549 AN
7 215.1208576 £.939393930 — MED
g 334.8267503 7.820202929 ‘___:
9 353.43050038 5.919191919 ';é,'
10 371,1351539 9.909090909 Tor
11 388.0024021 1089805800
12 404.4194619 11.888858829 _j
13 4202084305 1287875788 5
14 433.5338771 13,868658687 —
15 430.4569312 14,85858386 :‘Lzl]
16 465.0285238 15.84248485
17 479,2916374 16,83535334 @
18 493283220 17.828258283
19 507.0349004 18.81818182
20 520.5744424 19.80808081
21 5339262699 20,7979793 E‘j .
2z 547,1120579 21,78787579 Main
23 560.151199 2277777778 J-El i
24 573.0611721 23. 76767677 2
[ =4 CoC QCFoANE A =] = ==
4 -
[ratal EEI 3’
Duty Cycle

Components of a system may not operate continuously during a system's mission, or may be subjected to loads
greater or lesser than the rated loads during system operation. To model this, a factor called the Duty Cycle ( d.-;) is
used. The duty cycle may also be used to account for changes in environmental stress, such as temperature changes,
that may effect the operation of a component. The duty cycle is a positive value, with a default value of 1
representing continuous operation at rated load, and any values other than 1 representing other load values with
respect to the rated load value (or total operating time). A duty cycle value higher than 1 indicates a load in excess of
the rated value. A duty cycle value lower than 1 indicates that the component is operating at a load lower than the
rated load or not operating continuously during the system's mission. For instance, a duty cycle of 0.5 may be used

for a component that operates only half of the time during the system's mission.

The reliability metrics for a component with a duty cycle are calculated as follows. Let d.-:represent the duty cycle
during a particular mission of the component, frepresent the mission time and tfrepresent the accumulated age.
Then:
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t' =d.xt

The reliability equation for the component is:

R(t) = R(d. x t)
The component pdfis:

ey = ~ABE) __ARGXD) g

The failure rate of the component is:

A(t) = ;’;((i)) - d;%{gfc:t? = d\(d, x 1)

Example

Consider a computer system with three components: a processor, a hard drive and a CD drive in series as shown
next. Assume that all three components follow a Weibull failure distribution. The processor has the following
parameters, ,ﬁl = 1.5and m = 5000, For the hard drive, the parameters are ,ﬁz = 2.5and T2 = 3000, and for
the CD drive they are 2 = 2and 3 = 4000, Determine the reliability of the computer system after one year
(365 days) of operation, assuming that the CD drive is used only 30% of the time.

Processor Hard Drive CD Drive

Computer System RBD

Solution

The reliability of the processor after 365 days of operation is given by:

36571

Roprocesson(365) =¢ Lt )
365 \ 19

—e~(000)

=0.9805 or 98.05%
The reliability of the hard drive after 365 days of operation is given by:

36592

R ine (365) =¢ ()
365 29

— ¢ (3000)

=0.9948 or 99.48%
The reliability of the CD drive after 365 days of operation (taking into account the 30% operation using a duty cycle

of 0.3) is given by:

B (dc %365 )53
Rngﬁw(BBE’)) =€ "
_ £0.3%365 ) 2
=¢ 4000

=0.9993 or 99.93%

Thus the reliability of the computer system after 365 days of operation is:
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R(365) =Ry ocessor(365) - Rparddrive (365) - Repdrive(365)
=0.9805 - 0.9948 - 0.9993

=0.9747 or 97.47%
The result can also be obtained in BlockSim by creating an RBD of the system and using the Quick Calculation Pad

(QCP) to calculate the reliability, as shown in the following figure.

0.9747

iabilil Day No Bounds Captit
I gcpi QUIFE CALCULATION PAD Units 3 I Options s
Calculate Input
Relizbility = Mission End Time (Day)
Probabiity Prob. of Faiure
Cond. Reliakility
Cond. Prob, of Faiure
Reliable Life
Life Ex% Life
IMean Life
Rate | Failure Rate J Repart: J
Calculate Print
Close
.
Load Sharing

As presented in earlier chapters, a reliability block diagram (RBD) allows you to graphically represent how the
components within a system are reliability-wise connected. In most cases, independence is assumed across the
components within the system. For example, the failure of component A does not affect the failure of component B.
However, if a system consists of components that are sharing a load, then the assumption of independence no longer
holds true.

If one component fails, then the component(s) that are still operating will have to assume the failed unit's portion of
the load. Therefore, the reliabilities of the surviving unit(s) will change. Calculating the system reliability is no
longer an easy proposition. In the case of load sharing components, the change of the failure distributions of the

surviving components must be known in order to determine the system's reliability.

To illustrate this, consider a system of two units connected reliability-wise in parallel as shown below.

UNIT 1

UNIT 2

Assume that the units must supply an output of 8 volts and that if both units are operational, each unit is to supply
50% of the total output. If one of the units fails, then the surviving unit supplies 100%. Furthermore, assume that

having to supply the entire load has a negative impact on the reliability characteristics of the surviving unit.
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Because the reliability characteristics of the unit change based on the load it is sharing, a method that can model the
effect of the load on life should be used. One way to do this is to use a life distribution along with a life-stress
relationship (as discussed in A Brief Introduction to Life-Stress Relationships) for each component. The detailed
discussion for this method can be found at Additional Information on Load Sharing. Another simple way is to use
the concept of acceleration factors and assume that the load has a linear effect on the failure time. If the load is
doubled, then the life of the component will be shortened by half.

For the above load sharing system, the reliability of each component is a function of time and load. For example, for

Unit 1, the reliability and the probability density function are:

Ry(t, St)and f1(t, 51)
where Siis the load shared by Unit 1 at time ¢ and the total load of the system is S =51 4+ 5. At the beginning,
both units are working. Assume that Unit 1 fails at time x and Unit 2 takes over the entire load. The reliability for
Unit 2 at time x is:
Ry(x,55) = Ra(tae, S)
toe = &I
S

t2eis the equivalent time for Unit 2 at time x if it is operated with load S. The equivalent time concept is illustrated

in the following plot.

Reliability vs. Time

Reliability

€ Time
The system reliability at time ¢ is:
R(t) = Ru(t, 51) - Rolt, S2)
i
+] fi(z,51) - Ra(toe + (t — 2),5)dx
1]

—|—/E fgl:ﬂf:_,Sg) . Rl(flg—F (f —x),S)dJE

In BlockSim, the failure time distribution for each component is defined at the load of S. The reliability function for

a component at a given load is calculated as:
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Ri(t, S)) = Ri(t x %,S)

flt.s) = 2opi (¢ x 2, 5)

From the above equation, it can be seen that the concept used in the calculation for load sharing is the same as the

concept used in the calculation for duty cycle.

Example

In the following load sharing system, Block 1 follows a Weibull failure distribution with 581 =15, and
1 = 1,000, Block 2 follows a Weibull failure distribution with J2 = 2, and 772 = 2,000, The load for Block
1 is 1 unit, and for Block 2 it is 3 units. Calculate the system reliability at time 1,500.

-

Block 1

— =

Start End

Block #

Load sharng

Block 1 shares 25% (P1) of the entire load, and Block 2 shares 75% (P2) of it. Therefore, we have the following

equations for calculating the system reliability:
Ri(t,5:) = Ri(P; x 1),
fi(z,5;) = P fi( P x x)
and:
Rl(tle —+ (f — ,’I:)) == R-L(P-LI + t— ,’1:) == Rll:f — PQI)
Rg(tgg —+ (f — ,’I:)) == RQ(PQI + t— ,’1:) == Rg(f — P-LI)

Using the above equations in the system reliability function, we get:
R(t) = Ry(t,5,) - Ralt, S1) + [ iz, 51) - Raltae + (t —2), S)da
+ f; Fol, Sy) - Raltre + (t — 7). S)dz
— Ry(Pyx 1) Ra(Pyx ) + f; Pufi(P) - Ryt — Pr)da

+ / ngg(PgiE) . Rll:f — PQSC)&’CI:
0

The calculated system reliability at time 1,500 is 0.8569, as given below.
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Standby Components

In the previous section, the case of a system with load sharing components was presented. This is a form of
redundancy with dependent components. That is, the failure of one component affects the failure of the other(s). This
section presents another form of redundancy: standby redundancy. In standby redundancy the redundant components
are set to be under a lighter load condition (or no load) while not needed and under the operating load when they are

activated.

In standby redundancy the components are set to have two states: an active state and a standby state. Components in
standby redundancy have two failure distributions, one for each state. When in the standby state, they have a

quiescent (or dormant) failure distribution and when operating, they have an active failure distribution.

In the case that both quiescent and active failure distributions are the same, the units are in a simple parallel
configuration (also called a hot standby configuration). When the rate of failure of the standby component is lower in
quiescent mode than in active mode, that is called a warm standby configuration. When the rate of failure of the
standby component is zero in quiescent mode (i.e., the component cannot fail when in standby), that is called a cold

standby configuration.
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Simple Standby Configuration

Consider two components in a standby configuration. Component 1 is the active component with a Weibull failure
distribution with parameters 3 =1.5and 7 = 1,000, Component 2 is the standby component. When Component
2 is operating, it also has a Weibull failure distribution with 3 = 1.5and 7 = 1,000, Furthermore, assume the

following cases for the quiescent distribution.
* Case 1: The quiescent distribution is the same as the active distribution (hot standby).
* Case 2: The quiescent distribution is a Weibull distribution with 3 = 1.5and 7 = 2000(warm standby).
* Case 3: The component cannot fail in quiescent mode (cold standby).

In this case, the reliability of the system at some time, £, can be obtained using the following equation:

RO = Bi()+ [ (@) Rusa(a) - R?i’ﬁ;j;}_ S

where:

o Riisthe reliability of the active component.
« fiis the pdf of the active component.
. RE;SBis the reliability of the standby component when in standby mode (quiescent reliability).
. R‘E;Ais the reliability of the standby component when in active mode.
o tLeis the equivalent operating time for the standby unit if it had been operating at an active mode, such that:
Ry.sp(x) = Ra.a(te)
The second equation above can be solved for feand substituted into the first equation above. The following figure

illustrates the example as entered in BlockSim using a standby container.

Standby Container

The active and standby blocks are within a container, which is used to specify standby redundancy. Since the
standby component has two distributions (active and quiescent), the Block Properties window of the standby block

has two pages for specifying each one. The following figures illustrate these pages.
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The system reliability results for 1000 hours are given in the following table:

Standby |System Reliability
Type at 1,000 Hours

Hot 0.6004
Warm 0.7057
Cold 0.8212

Note that even though the Bvalue for the quiescent distribution is the same as in the active distribution, it is possible
that the two can be different. That is, the failure modes present during the quiescent mode could be different from the
modes present during the active mode. In that sense, the two distribution types can be different as well (e.g.,
lognormal when quiescent and Weibull when active).

In many cases when considering standby systems, a switching device may also be present that switches from the

failed active component to the standby component. The reliability of the switch can also be incorporated into

R(t) = Ry(t) + ]f1($)  Rosp() - Ro.a(te +1 — x)

dx
RZ;A(tE)

as presented in the next section.

BlockSim's System Reliability Equation window returns a single token for the reliability of units in a standby

configuration. This is the same as the load sharing case presented in the previous section.
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Reliability of Standby Systems with a Switching Device

In many cases when dealing with standby systems, a switching device is present that will switch to the standby
component when the active component fails. Therefore, the failure properties of the switch must also be included in

the analysis.

In most cases when the reliability of a switch is to be included in the analysis, two probabilities can be considered.
The first and most common one is the probability of the switch performing the action (i.e., switching) when
requested to do so. This is called Switch Probability per Request in BlockSim and is expressed as a static probability
(e.g., 90%). The second probability is the quiescent reliability of the switch. This is the reliability of the switch as it
ages (e.g., the switch might wear out with age due to corrosion, material degradation, etc.). Thus it is possible for the
switch to fail before the active component fails. However, a switch failure does not cause the system to fail, but
rather causes the system to fail only if the switch is needed and the switch has failed. For example, if the active
component does not fail until the mission end time and the switch fails, then the system does not fail. However, if the
active component fails and the switch has also failed, then the system cannot be switched to the standby component

and it therefore fails.

In analyzing standby components with a switching device, either or both failure probabilities (during the switching
or while waiting to switch) can be considered for the switch, since each probability can represent different failure
modes. For example, the switch probability per request may represent software-related issues or the probability of
detecting the failure of an active component, and the quiescent probability may represent wear-out type failures of
the switch.

To illustrate the formulation, consider the previous example that assumes perfect switching. To examine the effects
of including an imperfect switch, assume that when the active component fails there is a 90% probability that the
switch will switch from the active component to the standby component. In addition, assume that the switch can also
fail due to a wear-out failure mode described by a Weibull distribution with 3 = 1.7anan = 5000,

Therefore, the reliability of the system at some time, £, is given by the following equation.

t

R =Ri(0)+ [ {/1(2)- Rusu(o)
Rz;.i(feo—l— t—z)
. 3%2;{(t5)

- Rswiq(2) - Rswireq(x) tdx
where:

o Riis the reliability of the active component.

o [iis the pdf of the active component.

. RZ;SBis the reliability of the standby component when in standby mode (quiescent reliability).
. Rz;.iis the reliability of the standby component when in active mode.

. st;Qis the quiescent reliability of the switch.

. RSW;RE‘Qis the switch probability per request.

o teis the equivalent operating time for the standby unit if it had been operating at an active mode.
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This problem can be solved in BlockSim by including these probabilities in the container's properties, as shown in

the figures below. In BlockSim, the standby container is acting as the switch.
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Note that there are additional properties that can be specified in BlockSim for a switch, such as Switch Restart
Probability, No. of Restarts and Switch Delay Time. In many applications, the switch is re-tested (or re-cycled) if it

fails to switch the first time. In these cases, it might be possible that it switches in the second or third, or nmattempt.

The Switch Restart Probability specifies each additional attempt's probability of successfully switching and the
Finite Restarts specifies the total number of attempts. Note that the Switch Restart Probability specifies the
probability of success of each trial (or attempt). The probability of success of T consecutive trials is calculated by
BlockSim using the binomial distribution and this probability is then incorporated into equation above. The Switch
Delay Time property is related to repairable systems and is considered in BlockSim only when using simulation.

When using the analytical solution (i.e., for a non-repairable system), this property is ignored.

Solving the analytical solution (as given by the above equation), the following results are obtained.

Standby [System Reliability at 1,000 Hours|System Reliability at 1,000 Hours
Type without Switch with Switch
Hot 0.6004 0.5720
Warm 0.7057 0.6635
Cold 0.8212 0.7641

From the table above, it can be seen that the presence of a switching device has a significant effect on the reliability
of a standby system. It is therefore important when modeling standby redundancy to incorporate the switching device
reliability properties. It should be noted that this methodology is not the same as treating the switching device as
another series component with the standby subsystem. This would be valid only if the failure of the switch resulted

in the failure of system (e.g., switch failing open). In equation above, the Switch Probability per Request and
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quiescent probability are present only in the second term of the equation. Treating these two failure modes as a series
configuration with the standby subsystem would imply that they are also present when the active component is
functioning (i.e., first term of equation above). This is invalid and would result in the underestimation of the
reliability of the system. In other words, these two failure modes become significant only when the active component
fails.

As an example, and if we consider the warm standby case, the reliability of the system without the switch is 70.57%
at 1000 hours. If the system was modeled so that the switching device was in series with the warm standby
subsystem, the result would have been:

RS(:[DDD) :RSEaﬂdb‘y(IDDD) ' st,Q{lOﬂD] : st,‘req
=0.7057-0.9372-0.9
=0.5952

In the case where a switch failure mode causes the standby subsystem to fail, then this mode can be modeled as an
individual block in series with the standby subsystem.

Example
Consider a car with four new tires and a full-size spare. Assume the following failure characteristics:
« The tires follow a Weibull distribution with a 3 = 4and an 77 = 40, 000miles while on the car due to wear.

* The tires also have a probability of failing due to puncture or other causes. For this, assume a constant rate for

this occurrence with a probability of 1 every 50,000 miles.

*  When not on the car (i.e., is a spare), a tire's probability of failing also has a Weibull distribution with a g=2

and ] = 120; 000miles.

Assume a mission of 1,000 miles. If a tire fails during this trip, it will be replaced with the spare. However, the spare
will not be repaired during the trip. In other words, the trip will continue with the spare on the car and, if the spare

fails, the system will fail. Determine the probability of system failure.
Solution
The active failure distribution for the tires are:

¢ Due to wearout, Weibull .ﬁ = 4dand n= 40; 000miles.

* Due to random puncture, exponential [t = 50, 000.

» The quiescent failure distribution is a Weibull distribution with 3 = 2and n = 120, 000miles.
The block diagram for each tire has two blocks in series, one block representing the wearout mode and the other the

random puncture mode, as shown next:

m—>

There are five tires, four active and one standby (represented in the diagram by a standby container with a 4-out-of-5

requirement), as shown next:
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Tire Container

Puncture

[A] Wear Puncture

[A] Wear Puncture

[A] Wear Puncture

[S:1] Wear Puncture

For the standby Wear block, set the active failure and the quiescent distributions, but for the Puncture block, set only
the active puncture distribution (because the tire cannot fail due to puncture while stored). Using BlockSim, the

probability of system failure is found to be 0.003 or 0.3%.

L} See It In action...

More examples on load sharing and standby configurations are available! See also:

& Modeling Failure Modes [

& Load Sharing Configuration Example

Note Regarding Numerical Integration Solutions

Load sharing and standby solutions in BlockSim are performed using numerical integration routines. As with any
numerical analysis routine, the solution error depends on the number of iterations performed, the step size chosen
and related factors, plus the behavior of the underlying function. By default, BlockSim uses a certain set of preset
factors. In general, these defaults are sufficient for most problems. If a higher precision or verification of the
precision for a specific problem is required, BlockSim's preset options can be modified and/or the integration error
can be assessed using the Integration Parameters option for each container. For more details, you can refer to the

documentation on the Algorithm Setup window in the BlockSim help file.

References

[1] http://www.reliasoft.com/BlockSim/examples/rc4/index.htm
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Chapter 5

Reliability Importance and Optimized Reliability
Allocation (Analytical)

Component Reliability Importance

Static Reliability Importance

Once the reliability of a system has been determined, engineers are often faced with the task of identifying the least
reliable component(s) in the system in order to improve the design. For example, it was observed in RBDs and
Analytical System Reliability that the least reliable component in a series system has the biggest effect on the system
reliability. In this case, if the reliability of the system is to be improved, then the efforts can best be concentrated on
improving the reliability of that component first. In simple systems such as a series system, it is easy to identify the
weak components. However, in more complex systems this becomes quite a difficult task. For complex systems, the
analyst needs a mathematical approach that will provide the means of identifying and quantifying the importance of

each component in the system.

Using reliability importance measures is one method of identifying the relative importance of each component in a
system with respect to the overall reliability of the system. The reliability importance, IR, of component in a
system of TEcomponents is given by Leemis [17]:

R,
i a R,,

I
where:

o Risthe system reliability.

« Riis the component reliability.
The value of the reliability importance given by equation above depends both on the reliability of a component and
its corresponding position in the system. In RBDs and Analytical System Reliability we observed that for a simple
series system (three components in series with reliabilities of 0.7, 0.8 and 0.9) the rate of increase of the system
reliability was greatest when the least reliable component was improved. In other words, it was observed that
Component 1 had the largest reliability importance in the system relative to the other two components (see the figure
below). The same conclusion can be drawn by using equation above and obtaining the reliability importance in terms

of a value for each component.



http://reliawiki.org/index.php?title=RBDs_and_Analytical_System_Reliability%23Example_2

Reliability Importance and Optimized Reliability Allocation (Analytical) 91

Rate of Change of System Reliability
(three components in series)

0.8

0.75

0.7 /

0.65

System Reliability

0.6

0.55 1

Z== Component 3

ns T T T T T
0 005 0.1 015 0.2 0.25 0.3

DR,

Using BlockSim, the reliability importance values for these components can be calculated with the equation above.
Using the plot option and selecting the Static Reliability Importance plot type, the following chart can be obtained.
Note that the time input required to create this plot is irrelevant for this example because the components are static.
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The values shown for each component were obtained using the equation above. The reliability equation for this
series system is given by:

RS:R]_'RJZ'R‘?,

Taking the partial derivative of the equation above with respect to R1yif:1ds:

JR,
Im = a—& =Ry Hy
=08&8-09
=0.72

Thus the reliability importance of Component 1 is Ir; =0.72. The reliability importance values for Components 2
and 3 are obtained in a similar manner.

Time-Dependent Reliability Importance

The same concept applies if the components have a time-varying reliability. That is, if
R, (t) = Ry (t) - Ry (t) - Rs(t), then one could compute I R;at any time Tior I R; (t)

the following equation.

,—. ‘This is quantified in
OR,(t)
IRi(t) = a R-(t)

In turn, this can be viewed as either a static plot (at a given time) or as a time-varying plot, as illustrated in the next

figures. Specifically, the next three plots present the analysis for three components configured reliability-wise in
series following a Weibull distribution with 8 = 3and 11 = 1,000, 13 = 2,0003nd 73 = 3,000, The first
shows a bar chart of I R;while the second shows the I Riin BlockSim's tableau chart format. In this chart, the area of
the square is I R;. Finally, the third plot shows the I R; (t)vs. time.
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Example

Reliability Importance Measures for Failure Modes

Assume that a system has failure modes A, B, C, D Eand F. Furthermore, assume that failure of the entire
system will occur if:

e Mode B, Cor Foccurs.
e Modes Aand E, Aand Dor Fand Doccur.

In addition, assume the following failure probabilities for each mode.

e Modes Aand Dhave a mean time to occurrence of 1,000 hours (i.e., exponential with MITF = 1, DDD)-
» Mode F'has a mean time to occurrence of 100 hours (i.e., exponential with MTTF = 100)-
e Modes B, C'and F'have a mean time to occurrence of 700,000, 1,000,000 and 2,000,000 hours respectively
(i.e., exponential with MTTFg = 700,000 MTT Fe = 1,000,000;3nq
MTTFr = 2,000,000).
Examine the mode importance for operating times of 100 and 500 hours.

Solution

The RBD for this example is shown next:

BT
F

B 2

The first chart below illustrates {. R,;l:t = 100). It can be seen that even though B, C'and Fhave a much rarer rate
of occurrence, they are much more significant at 100 hours. By 500 hours, I Rg(t = 500), the effects of the lower

Bi
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reliability components become greatly pronounced and thus they become more important, as can be seen in the
second chart. Finally, the behavior of I Ri (t)can be observed in the Reliability Importance vs. Time plot. Note that not all

lines are plainly visible in the plot due to overlap.
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Importance Measures and FMEA/FMECA
Traditional Failure Mode and Effects Analysis (FMEA/FMECA) relies on Risk Priority Numbers (RPNs) or

criticality calculations to identify and prioritize the significance/importance of different failure modes. The RPN
methodology (and to some extent, the criticality methodology) tend to be subjective. When conducting these types of
analyses, one may wish to incorporate more quantitative metrics, such as the importance measures presented here
and/or the RS FCI and RS DECI for repairable systems (which are discussed in later chapters). ReliaSoft's software
11 can be used to export an FMEA/FMECA analysis to BlockSim. The documentation that accompanies Xfmea
provides more information on FMEA/FMECA, including both methods of risk assessment.

Reliability Allocation

In the process of developing a new product, the engineer is often faced with the task of designing a system that
conforms to a set of reliability specifications. The engineer is given the goal for the system and must then develop a
design that will achieve the desired reliability of the system, while performing all of the system's intended functions
at a minimum cost. This involves a balancing act of determining how to allocate reliability to the components in the
system so the system will meet its reliability goal while at the same time ensuring that the system meets all of the

other associated performance specifications.

BlockSim provide three allocation methods: equal allocation, weighted reliability allocation and cost optimzation
allocation. In these three methods, the simplest method is equal reliability allocation, which distributes the
reliabilities uniformly among all components. For example, suppose a system with five components in series has a
reliability objective of 90% for a given operating time. The uniform allocation of the objective to all components
would require each component to have a reliability of 98% for the specified operating time, since 0.98°=(.90.
While this manner of allocation is easy to calculate, it is generally not the best way to allocate reliability for a
system. The optimum method of allocating reliability would take into account the cost or relative difficulty of

improving the reliability of different subsystems or components.
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The reliability optimization process begins with the development of a model that represents the entire system. This is
accomplished with the construction of a system reliability block diagram that represents the reliability relationships
of the components in the system. From this model, the system reliability impact of different component
modifications can be estimated and considered alongside the costs that would be incurred in the process of making
those modifications. It is then possible to perform an optimization analysis for this problem, finding the best

combination of component reliability improvements that meet or exceed the performance goals at the lowest cost.

Improving Reliability

Reliability engineers are very often called upon to make decisions as to whether to improve a certain component or
components in order to achieve a minimum required system reliability. There are two approaches to improving the
reliability of a system: fault avoidance and fault tolerance. Fault avoidance is achieved by using high-quality and
high-reliability components and is usually less expensive than fault tolerance. Fault tolerance, on the other hand, is
achieved by redundancy. Redundancy can result in increased design complexity and increased costs through

additional weight, space, etc.

Before deciding whether to improve the reliability of a system by fault tolerance or fault avoidance, a reliability
assessment for each component in the system should be made. Once the reliability values for the components have
been quantified, an analysis can be performed in order to determine if that system's reliability goal will be met. If it
becomes apparent that the system's reliability will not be adequate to meet the desired goal at the specified mission
duration, steps can be taken to determine the best way to improve the system's reliability so that it will reach the

desired target.

Consider a system with three components connected reliability-wise in series. The reliabilities for each component
for a given time are: R = 70%, Ry, = 80%, and Hz = 90%. A reliability goal, Ro = 85%is required for

this system.
The current reliability of the system is:
R,= Ry - Ry- Ry = 504%
Obviously, this is far short of the system's required reliability performance. It is apparent that the reliability of the

system's constituent components will need to be increased in order for the system to meet its goal. First, we will try

increasing the reliability of one component at a time to see whether the reliability goal can be achieved.

The following figure shows that even by raising the individual component reliability to a hypothetical value of 1
(100% reliability, which implies that the component will never fail), the overall system reliability goal will not be
met by improving the reliability of just one component. The next logical step would be to try to increase the
reliability of two components. The question now becomes: which two? One might also suggest increasing the
reliability of all three components. A basis for making such decisions needs to be found in order to avoid the trial

and error aspect of altering the system's components randomly in an attempt to achieve the system reliability goal.
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System Reliability vs. Component Reliability
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As we have seen, the reliability goal for the preceding example could not be achieved by increasing the reliability of
just one component. There are cases, however, where increasing the reliability of one component results in achieving
the system reliability goal. Consider, for example, a system with three components connected reliability-wise in
parallel. The reliabilities for each component for a given time are: By = 60%, Ry = 70%and Rz = 80%. A
reliability goal, R = 99%,15 required for this system. The initial system reliability is:

Rs=1-(1-06)-(1-0.7)-(1-08)=0.976
The current system reliability is inadequate to meet the goal. Once again, we can try to meet the system reliability
goal by raising the reliability of just one of the three components in the system.
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Component Reliability

From the above figure, it can be seen that the reliability goal can be reached by improving Component 1, Component
2 or Component 3. The reliability engineer is now faced with another dilemma: which component's reliability should
be improved? This presents a new aspect to the problem of allocating the reliability of the system. Since we know
that the system reliability goal can be achieved by increasing at least one unit, the question becomes one of how to
do this most efficiently and cost effectively. We will need more information to make an informed decision as to how
to go about improving the system's reliability. How much does each component need to be improved for the system
to meet its goal? How feasible is it to improve the reliability of each component? Would it actually be more efficient

to slightly raise the reliability of two or three components rather than radically improving only one?

In order to answer these questions, we must introduce another variable into the problem: cost. Cost does not
necessarily have to be in dollars. It could be described in terms of non-monetary resources, such as time. By
associating cost values to the reliabilities of the system's components, we can find an optimum design that will

provide the required reliability at a minimum cost.

Cost/Penalty Function

There is always a cost associated with changing a design due to change of vendors, use of higher-quality materials,
retooling costs, administrative fees, etc. The cost as a function of the reliability for each component must be
quantified before attempting to improve the reliability. Otherwise, the design changes may result in a system that is
needlessly expensive or overdesigned. Developing the "cost of reliability" relationship will give the engineer an
understanding of which components to improve and how to best concentrate the effort and allocate resources in

doing so. The first step will be to obtain a relationship between the cost of improvement and reliability.

The preferred approach would be to formulate the cost function from actual cost data. This can be done from past
experience. If a reliability growth program is in place, the costs associated with each stage of improvement can also
be quantified. Defining the different costs associated with different vendors or different component models is also

useful in formulating a model of component cost as a function of reliability.
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However, there are many cases where no such information is available. For this reason, a general (default) behavior
model of the cost versus the component's reliability was developed for performing reliability optimization in
BlockSim. The objective of this function is to model an overall cost behavior for all types of components. Of course,
it is impossible to formulate a model that will be precisely applicable to every situation; but the proposed
relationship is general enough to cover most applications. In addition to the default model formulation, BlockSim
does allow the definition of user-defined cost models.

Quantifying the Cost/Penalty Function

One needs to quantify a cost function for each component, Ci, in terms of the reliability, R;, of each component,

or:

Ci = f(Ri)

This function should:

* Look at the current reliability of the component, Reurrent.

¢ Look at the maximum possible reliability of the component, Ritaz.
* Allow for different levels of difficulty (or cost) in increasing the reliability of each component. It can take into

account:

e design issues.
* supplier issues.
 state of technology.

¢ time-to-market issues, etc.
Thus, for the cost function to comply with these needs, the following conditions should be adhered to:

* The function should be constrained by the minimum and maximum reliabilities of each component (i.e., reliability
must be less than one and greater than the current reliability of the component or at least greater than zero).

* The function should not be linear, but rather quantify the fact that it is incrementally harder to improve reliability.
For example, it is considerably easier to increase the reliability from 90% to 91% than to increase it from 99.99%
t0 99.999%, even though the increase is larger in the first case.

* The function should be asymptotic to the maximum achievable reliability.

The following default cost function (also used in BlockSim) adheres to all of these conditions and acts like a penalty
function for increasing a component's reliability. Furthermore, an exponential behavior for the cost is assumed since

it should get exponentially more difficult to increase the reliability. See Mettas [21].

where:

. G (Rs')is the penalty (or cost) function as a function of component reliability.

o fisthe feasibility (or cost index) of improving a component's reliability relative to the other components in the
system.

. R:m‘n,z‘is the current reliability at the time at which the optimization is to be performed.

. R’ma.’c,'s'is the maximum achievable reliability at the time at which the optimization is to be performed.

Note that this penalty function is dimensionless. It essentially acts as a weighting factor that describes the difficulty

in increasing the component reliability from its current value, relative to the other components.

Examining the cost function given by equation above, the following observations can be made:

* The cost increases as the allocated reliability departs from the minimum or current value of reliability. It is
assumed that the reliabilities for the components will not take values any lower than they already have.

Depending on the optimization, a component's reliability may not need to be increased from its current value but

it will not drop any lower.
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* The cost increases as the allocated reliability approaches the maximum achievable reliability. This is a reliability
value that is approached asymptotically as the cost increases but is never actually reached.

* The cost is a function of the range of improvement, which is the difference between the component's initial
reliability and the corresponding maximum achievable reliability.

* The exponent in the above equation approaches infinity as the component's reliability approaches its maximum
achievable value. This means that it is easier to increase the reliability of a component from a lower initial value.
For example, it is easier to increase a component's reliability from 70% to 75% than to increase its reliability from
90% to 95%.

The Feasibility Term, f

i—flmin,i

R
The feasibility term in C-( ﬁ;) — E{l_f ]'Rmu_g—Rgis a constant (or an equation parameter) that represents the
f .

difficulty in increasing a component's reliability relative to the rest of the components in the system. Depending on
the design complexity, technological limitations, etc., certain components can be very hard to improve. Clearly, the
more difficult it is to improve the reliability of the component, the greater the cost. The following figure illustrates
the behavior of the function defined in the above equation for different values of J. 1t can be seen that the lower the

feasibility value, the more rapidly the cost function approaches infinity.

Cost Function vs. Component Reliability
(for different feasibility values)
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Several methods can be used to obtain a feasibility value. Weighting factors for allocating reliability have been
proposed by many authors and can be used to quantify feasibility. These weights depend on certain factors of
influence, such as the complexity of the component, the state of the art, the operational profile, the criticality, etc.
Engineering judgment based on past experience, supplier quality, supplier availability and other factors can also be
used in determining a feasibility value. Overall, the assignment of a feasibility value is going to be a subjective
process. Of course, this problem is negated if the relationship between the cost and the reliability for each component

is known because one can use regression methods to estimate the parameter value.
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Maximum Achievable Reliability

For the purposes of reliability optimization, we also need to define a limiting reliability that a component will
approach, but not reach. The costs near the maximum achievable reliability are very high and the actual value for the
maximum reliability is usually dictated by technological or financial constraints. In deciding on a value to use for the
maximum achievable reliability, the current state of the art of the component in question and other similar factors
will have to be considered. In the end, a realistic estimation based on engineering judgment and experience will be

necessary to assign a value to this input.

Note that the time associated with this maximum achievable reliability is the same as that of the overall system
reliability goal. Almost any component can achieve a very high reliability value, provided the mission time is short
enough. For example, a component with an exponential distribution and a failure rate of one failure per hour has a
reliability that drops below 1% for missions greater than five hours. However, it can achieve a reliability of 99.9% as
long as the mission is no longer than four seconds. For the purposes of optimization in BlockSim, the reliability
values of the components are associated with the time for which the system reliability goal is specified. For example,
if the problem is to achieve a system goal of 99% reliability at 1,000 hours, the maximum achievable reliability
values entered for the individual components would be the maximum reliability that each component could attain for

a mission of 1,000 hours.

As the component reliability, R;, approaches the maximum achievable reliability, Ri,ﬂm, the cost function
approaches infinity. The maximum achievable reliability acts as a scale parameter for the cost function. By

decreasing Rs',ma.z, the cost function is compressed between Rs',mmand Ri,ﬂm, as shown in the figure below.

Cost Function vs. Component Reliability
(for different Maximum Achievable Reliability Values)
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Cost Function

Once the cost functions for the individual components have been determined, it becomes necessary to develop an

expression for the overall system cost. This takes the form of:

Cs(Rc;) = C-L(Rl) =+ CQ{RQ} + ...+ Cnl:Rn),i = 1_, 2_, ey I
In other words, the cost of the system is simply the sum of the costs of its components. This is regardless of the form
of the individual component cost functions. They can be of the general behavior model in BlockSim or they can be
user-defined. Once the overall cost function for the system has been defined, the problem becomes one of
minimizing the cost function while remaining within the constraints defined by the target system reliability and the

reliability ranges for the components. The latter constraints in this case are defined by the minimum and maximum
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reliability values for the individual components.

BlockSim employs a nonlinear programming technique to minimize the system cost function. The system has a
minimum (current) and theoretical maximum reliability value that is defined by the minimum and maximum
reliabilities of the components and by the way the system is configured. That is, the structural properties of the
system are accounted for in the determination of the optimum solution. For example, the optimization for a system of
three units in series will be different from the optimization for a system consisting of the same three units in parallel.
The optimization occurs by varying the reliability values of the components within their respective constraints of
maximum and minimum reliability in a way that the overall system goal is achieved. Obviously, there can be any
number of different combinations of component reliability values that might achieve the system goal. The

optimization routine essentially finds the combination that results in the lowest overall system cost.

Determining the Optimum Allocation Scheme

To determine the optimum reliability allocation, the analyst first determines the system reliability equation (the

objective function). As an example, and again for a trivial system with three components in series, this would be:
RS = Rl . Rg . Rg
If a target reliability of 90% is sought, then the equation above is recast as:

090 :Rl 'Rg 'R3

The objective now is to solve for Ry, Roand Haso that the equality in the equation above is satisfied. To obtain an

optimum solution, we also need to use our cost functions (i.e., define the total allocation costs) as:
Cr = Cy(Ry) + C2(Ry) + C3(R3)

With the cost equation defined, then the optimum values for Rl, Roand Faare the values that satisfy the reliability
requirement, the second equation above, at the minimum cost, the last equation above. BlockSim uses this

methodology during the optimization task.

Defining a Feasibility Policy in BlockSim
fi—Rumin,

In BlockSim, you can choose to use the default feasibility function, as defined by Cé[ Rs) — etl_f )'m, or

use your own function. The first picture below illustrates the use of the default values using the slider control. The

second figure shows the use of an associated feasibility policy to create a user-defined cost function. When defining
your own cost function, you should be aware of/adhere to the following guidelines:

* Because the cost functions are evaluated relative to each other, they should be correlated. In other words, if one
function evaluates to 10, s (Rs) = 10for one block and 20 for another, C; (Rs) = 20, then the implication is
that there is a 1 to 2 cost relation.

* Do not mix your own function with the software's default functions unless you have verified that your cost
functions are defined and correlated to the default cost functions, as defined by:

Ri—BRmin,i
Ci(Ry) = Eﬂ—f)-m

*  Your function should adhere to the guidelines presented earlier.

» Lastly, and since the evaluation is relative, it is preferable to use the predefined functions unless you have a
compelling reason (or data) to do otherwise. The last section in this chapter describes cases where user-defined

functions are preferred.




Reliability Importance and Optimized Reliability Allocation (Analytical) 104

s "
© (2306 = Active Allocation Analysisl - ReliaSoft BlockSim Elm
File Home My Portal Project  Insert  View | @ Allocation | - @
Bn b &
G B A
Optimize | Transfer to  Send to
| ” Spreadsheet  Excel
|#/|%) | 4R8D1 | sRmED2 | [RBD3 | & Allocation Analysist |
| Current Project . Calculations [l
Fiter | Current L ) _— Target
based on creator E— Achievable Feasibility -
Reliability = Reliability
Al Ill‘ Reliability
0.500000 1 Moderate (54) |7 &1 | Allocation Type @ =
4 RED1 - - . —
4 RED2 (©) Use system predefined feasibility value st Optimized ‘:‘|
= RED3 |
—all Fault Trees ) Refresh |
@l Phase Diagrams E o !
[=Hg Allocation Analyses Easy Hard E
LE :::T:;s; () Use user-defined feasibility equation oRabity 0.85
@l Multiplots 100
-
ST
| 2] current Project | B S0
 Project List
| | ] ’7\ |
| T I |
| || rooa ‘ - |
BlockSim 8.0.0.73 - 32-bit  C:\Users\dcao\D ts\ReliaSoft\Files\RSR itory82.rsrp Active Project: Project 1 .~ Logged in as: Dingzhou Cao (dcao)

Setting the default feasibility function in BlockSim with the feasibility slider. Note that the feasibility slider displays values, SV, from 0.1 to 9.9 when
moved by the user, with SV=9.9 being the hardest. The relationship between fand SVis "f = (1 - SV/10)").

© 2 |DAEE = Active Allocation Analysis1 - ReliaSoft BlockSim | 0 e

Home My Portal Project Insert View | & Allocation | T ]

File

gn ¥
Optimize | Transfer to Send to
| | Spreadsheet Excel

%)% |aR8D1 | *sRBD2 | [|RED3 & Allocation Analysisl E3

| Current Project Maxi Calculations ol
Current aximum _— Tar
ks b on ceto G, Adeate  reay L pO—
Al Reliability
0.500000 1 Moderate (5.8) |7 &7 | Allocation Type @ =
& RED1 - . -
4 RED2 () Use system predefined feasibility value mized ‘
:-| RED3
@il Fault Trees Refresh J

@l Phase Diagrams = " 0o 000000000 000000 ‘
[=Hzz Allocation Analyses

QC::\C:EET ()iUse user-defined feasibility equation: Iy

HMuliplots
i Multo o exp(0.5* ((R-0.6)/(0.9-R)))
e
| Qurent Frefea |
-~ Project List
‘ J 4 11 |
| T I 1
| | a3 | < |
BlockSim 8.0.0.73 - 32-bit C:\Users\dcao\D \ReliaSoft\Files\RS itory82.rsrp Active Project: Project 1 .~ Logged in as: Dingzhou Cao (dea)

Setting a user-defined feasibility function in BlockSim. Any user-defined equation can be entered as a function of R.



http://reliawiki.org/index.php?title=File%3A6.13.png
http://reliawiki.org/index.php?title=File%3A6.14.png

Reliability Importance and Optimized Reliability Allocation (Analytical) 105

Implementing the Optimization

As was mentioned earlier, there are two different methods of implementing the changes suggested by the reliability
optimization routine: fault tolerance and fault avoidance. When the optimized component reliabilities have been
determined, it does not matter which of the two methods is employed to realize the optimum reliability for the
component in question. For example, suppose we have determined that a component must have its reliability for a
certain mission time raised from 50% to 75%. The engineer must now decide how to go about implementing the
increase in reliability. If the engineer decides to do this via fault avoidance, another component must be found (or the
existing component must be redesigned) so that it will perform the same function with a higher reliability. On the
other hand, if the engineer decides to go the fault tolerance route, the optimized reliability can be achieved merely by

placing a second identical component in parallel with the first one.

Obviously, the method of implementing the reliability optimization is going to be related to the cost function and this
is something the reliability engineer must take into account when deciding on what type of cost function is used for
the optimization. In fact, if we take a closer look at the fault tolerance scheme, we can see some parallels with the
general behavior cost model included in BlockSim. For example, consider a system that consists of a single unit. The
cost of that unit, including all associated mounting and hardware costs, is one dollar. The reliability of this unit for a
given mission time is 30%. It has been determined that this is inadequate and that a second component is to be added

in parallel to increase the reliability. Thus, the reliability for the two-unit parallel system is:

Rs=1-(1-0.3)*=051o0r 51%
So, the reliability has increased by a value of 21% and the cost has increased by one dollar. In a similar fashion, we
can continue to add more units in parallel, thus increasing the reliability and the cost. We now have an array of
reliability values and the associated costs that we can use to develop a cost function for this fault tolerance scheme.

The next figure shows the relationship between cost and reliability for this example.

Parallel System Cost Function
#10 T T T T T

$7 -

35—

System Cost

54—

52~

51 + 1 1 1 1 | |
0% 0% 40% 50% ED% 0% a0% 0% 100%

System Reliablity

As can be seen, this looks quite similar to the general behavior cost model presented earlier. In fact, a standard
regression analysis available in Weibull++ indicates that an exponential model fits this cost model quite well. The

function is given by the following equation, where C'is the cost in dollars and Fis the fractional reliability value.

C'(R) = 0.3756 - ¢>1972F
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Reliability Allocation Examples

Consider a system consisting of three components connected reliability-wise in series. Assume the objective

reliability for the system is 90% for a mission time of 100 hours. Five cases will be considered for the allocation

problem. See Mettas [21].

* Case 1 - All three components are identical with times-to-failure that are described by a Weibull distribution with
3 = 1.318and 7 = 312hours. All three components have the same feasibility value of Moderate (5).

e Case 2 - Same as in Case 1, but Component 1 has a feasibility of Easy, Component 2 has a feasibility of Moderate
and Component 3 has a feasibility of Hard.

e Case 3 - Component 1 has 70% reliability, Component 2 has 80% reliability and Component 3 has 90%
reliability, all for a mission duration of 100 hours. All three components have the same feasibility of Easy.

e Case 4 - Component 1 has 70% reliability and Easy feasibility, Component 2 has 80% reliability and Moderate
feasibility, and Component 3 has 90% reliability and Hard feasibility, all for a mission duration of 100 hours.

e Case 5 - Component 1 has 70% reliability and Hard feasibility, Component 2 has 80% reliability and Easy
feasibility and Component 3 has 90% reliability and Moderate feasibility, all for a mission duration of 100 hours.

In all cases, the maximum achievable reliability, an,i, for each component is 99.9% for a mission duration of
100 hours.
Case 1 - The reliability equation for Case 1 is:
Rs(t) = Ra(t) - Ralt) - Ra(t)
Thus, the equality desired is:
0.90 = R, (t = 100) - Ry(t = 100) - Ry(t = 100)

where:

8

Rl,z,a = E_(%)
The cost or feasibility function is:

Cr = Cy(Ry) + C2(Ry) + C3(R3)
where:

Ri—BRmin.i

Ciza(f123) = E{I_ﬂ- Bmax,i—Fi

And where Rmmﬁ_g_g = D'ggg(arbitrarily set), Rmin1_2_gcomputed from the reliability function of each

component at the time of interest, £ = 100, or:

_ )

RminL?j
100 1.318
_o (312)
=0.79995
And f obtained from:
5
={1- =
7=(1-1)

=0.5
The solution, RGg, is the one that satisfies 0.90 = le:f- = 100) : Rz(t = 100) . Ra(t = 1[][])While
minimizing Cr= Cl(Rl) + CZ(RZ) + Ca(Ra). In this case (and since all the components are identical), the
target reliability is found to be:
Ro,(t = 100) = 0.9655

The following figure shows the optimization results from BlockSim.
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Based on this, each component's reliability should be at least 96.55% at 100 hours in order for the system's reliability
to be 90% at 100 hours. Note the column labeled "Equivalent Parallel Units" which represents the number of
redundant units that would be required to bring that particular component up to the recommended reliability. In the
case where the fault tolerance approach is to be implemented, the "Equivalent Parallel Units" value should be
rounded up to an integer. Therefore, some manipulation by the engineer is required in order to ensure that the chosen
integer values will yield the required system reliability goal (or exceed it). In addition, further cost analysis should be
performed in order to account for the costs of adding redundancy to the system.

Additionally, and when the results have been obtained, the engineer may wish to re-scale the components based on
their distribution parameters instead of the fixed reliability value. In the case of these components, one may wish to
re-scale the scale parameter of the distribution, N for the components, or:

i g
0.9655 =E_{’? )

100~ 1-318
0.9655 =e_{T)
Which yields:
o, = 1269.48

The Quick Parameter Estimator (QPE) in BlockSim can also be used for this, as shown below.
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The results from the other cases can be obtained in a similar fashion. The results for Cases 1 through 5 are

summarized next.

Casel Case2 Cased Cased Cased
Componentl 09655 0.9874 0.9552 09790 0.9295
Component2 09655 0.9633 0.9649 09553 0.9884
Component3 09655 0.9463 0.9765 09624 09797

Case 2 - It can be seen that the highest reliability was allocated to Component 1 with the Easy feasibility. The lowest

reliability was assigned to Component 3 with the Hard feasibility. This makes sense in that an optimized reliability
scheme will call for the greatest reliability changes in those components that are the easiest to change.

Case 3 - The components were different but had the same feasibility values.

In other words, all three components have the same opportunity for improvement. This case differs from Cases 1 and
2 since there are two factors, not present previously, that will affect the outcome of the allocation in this case. First,
each component in this case has a different reliability importance (impact of a component on the system's reliability);
whereas in Cases 1 and 2, all three components were identical and had the same reliability importance.

The next figure shows the reliability importance for each component, where it can be seen that Component 1 has the
greatest reliability importance and Component 3 has the smallest (this reliability importance also applies in Cases 4
and 5). This indicates that the reliability of Component 1 should be significantly increased because it has the biggest
impact on the overall system reliability.
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In addition, each component's cost function in Case 3 also depends on the difference between each component's
initial reliability and its corresponding maximum achievable reliability. (In Cases 1 and 2 this was not an issue
because the components were identical.) The greater this difference, the greater the cost of improving the reliability
of a particular component relative to the other two components. This difference between the initial reliability of a
component and its maximum achievable reliability is called the range of improvement for that component. Since all
three components have the same maximum achievable reliability, Component 1, with the largest range for
improvement, is the most cost efficient component to improve. The improvement ranges for all three components are
illustrated in the next figure. At the same time, however, there is a reliability value between the initial and the
maximum achievable reliability beyond which it becomes cost prohibitive to improve any further. This reliability
value is dictated by the feasibility value. From the table of results, it can be seen that in Case 3 there was a 25.52%

improvement for Component 1, 16.49% for Component 2 and 7.65% for Component 3.

0.7 0.999

Component 1 |

0.8
Component 2 | »|

0.9
Component 3 —]

Case 4 - As opposed to Case 3, Component 1 was assigned an even greater increase of 27.9%, with Components 2

and 3 receiving lesser increases than in Case 3, of 15.53% and 6.24% respectively. This is due to the fact that
Component 1 has an Easy feasibility and Component 3 has a Hard feasibility, which means that it is more difficult to

increase the reliability of Component 3 than to increase the reliability of Component 1.

Case 5 - The feasibility values here are reversed with Component 1 having a Hard feasibility and Component 3 an

Easy feasibility. The recommended increase in Component 1's reliability is less compared to its increase for Cases 3
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and 4. Note, however, that Components 2 and 3 still received a smaller increase in reliability than Component 1
because their ranges of improvement are smaller. In other words, Component 3 was assigned the smallest increase in

reliability in Cases 3, 4 and 5 because its initial reliability is very close to its maximum achievable reliability.

Setting Specifications

This methodology could also be used to arrive at initial specifications for a set of components. In the prior examples,
we assumed a current reliability for the components. One could repeat these steps by choosing an arbitrary (lower)
initial reliability for each component, thus allowing the algorithm to travel up to the target. When doing this, it is
important to keep in mind the fact that both the distance from the target (the distance from the initial arbitrary value
and the target value) for each component is also a significant contributor to the final results, as presented in the prior
example. If one wishes to arrive at the results using only the cost functions then it may be advantageous to set equal

initial reliabilities for all components.

Other Notes on User-Defined Cost Functions

The optimization method in BlockSim is a very powerful tool for allocating reliability to the components of a system
while minimizing an overall cost of improvement. The default cost function in BlockSim was derived in order to
model a general relationship between the cost and the component reliability. However, if actual cost information is
available, then one can use the cost data instead of using the default function. Additionally, one can also view the
feasibility in the default function as a measure of the difficulty in increasing the reliability of the component relative
to the rest of the components to be optimized, assuming that they also follow the same cost function with the
corresponding feasibility values. If fault tolerance is a viable option, a reliability cost function for adding parallel

units can be developed as demonstrated previously.

Another method for developing a reliability cost function would be to obtain different samples of components from
different suppliers and test the samples to determine the reliability of each sample type. From this data, a curve could
be fitted through standard regression techniques and an equation defining the cost as a function of reliability could be

developed. The following figure shows such a curve.
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Lastly, and in cases where a reliability growth program is in place, the simplest way of obtaining a relationship
between cost and reliability is by associating a cost to each development stage of the growth process. Reliability
growth models such as the Crow (AMSAA), Duane, Gompertz and Logistic models can be used to describe the cost

as a function of reliability.

If a reliability growth model has been successfully implemented, the development costs over the respective
development time stages can be applied to the growth model, resulting in equations that describe reliability/cost
relationships. These equations can then be entered into BlockSim as user-defined cost functions (feasibility policies).
The only potential drawback to using growth model data is the lack of flexibility in applying the optimum results.
Making the cost projection for future stages of the project would require the assumption that development costs will
be accrued at a similar rate in the future, which may not always be a valid assumption. Also, if the optimization
result suggests using a high reliability value for a component, it may take more time than is allotted for that project

to attain the required reliability given the current reliability growth of the project.

References

[1] http://www.reliasoft.com/xfmea/index.htm
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Chapter 6

Introduction to Repairable Systems

In prior chapters, the analysis was focused on determining the reliability of the system (i.e., the probability that the
system, subsystem or component will operate successfully by a given time, £. The prior formulations provided us
with the probability of success of the entire system, up to a point in time, without looking at the question: "What
happens if a component fails during that time and is then fixed?" In dealing with repairable systems, these definitions

need to be redefined and adapted to deal with this case of the renewal of systems/components.

Repairable systems receive maintenance actions that restore/renew system components when they fail. These actions
change the overall makeup of the system. These actions must now be taken into consideration when assessing the
behavior of the system because the age of the system components is no longer uniform nor is the time of operation of

the system continuous.

In attempting to understand the system behavior, additional information and models are now needed for each system
component. Our primary input in the prior chapters was a model that described how the component failed (its failure
probability distribution). When dealing with components that are repaired, one also needs to know how long it takes
for the component to be restored. That is, at the very least, one needs a model that describes how the component is

restored (a repair probability distribution).

In this chapter, we will introduce the additional information, models and metrics required to fully analyze a

repairable system.

Defining Maintenance

To properly deal with repairable systems, we need to first understand how components in these systems are restored
(i.e., the maintenance actions that the components undergo). In general, maintenance is defined as any action that
restores failed units to an operational condition or retains non-failed units in an operational state. For repairable
systems, maintenance plays a vital role in the life of a system. It affects the system's overall reliability, availability,
downtime, cost of operation, etc. Generally, maintenance actions can be divided into three types: corrective

maintenance, preventive maintenance and inspections.

Corrective Maintenance

Corrective maintenance consists of the action(s) taken to restore a failed system to operational status. This usually
involves replacing or repairing the component that is responsible for the failure of the overall system. Corrective
maintenance is performed at unpredictable intervals because a component's failure time is not known a priori. The
objective of corrective maintenance is to restore the system to satisfactory operation within the shortest possible

time. Corrective maintenance is typically carried out in three steps:

* Diagnosis of the problem. The maintenance technician must take time to locate the failed parts or otherwise
satisfactorily assess the cause of the system failure.

* Repair and/or replacement of faulty component(s). Once the cause of system failure has been determined,
action must be taken to address the cause, usually by replacing or repairing the components that caused the
system to fail.

* Verification of the repair action. Once the components in question have been repaired or replaced, the

maintenance technician must verify that the system is again successfully operating.
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Preventive Maintenance

Preventive maintenance, unlike corrective maintenance, is the practice of replacing components or subsystems
before they fail in order to promote continuous system operation. The schedule for preventive maintenance is based
on observation of past system behavior, component wear-out mechanisms and knowledge of which components are
vital to continued system operation. Cost is always a factor in the scheduling of preventive maintenance. In many
circumstances, it is financially more sensible to replace parts or components that have not failed at predetermined
intervals rather than to wait for a system failure that may result in a costly disruption in operations. Preventive

maintenance scheduling strategies are discussed in more detail later in this chapter.

Inspections

Inspections are used in order to uncover hidden failures (also called dormant failures). In general, no maintenance
action is performed on the component during an inspection unless the component is found failed, in which case a
corrective maintenance action is initiated. However, there might be cases where a partial restoration of the inspected
item would be performed during an inspection. For example, when checking the motor oil in a car between
scheduled oil changes, one might occasionally add some oil in order to keep it at a constant level. The subject of
inspections is discussed in more detail in Repairable Systems Analysis Through Simulation.

Downtime Distributions

Maintenance actions (preventive or corrective) are not instantaneous. There is a time associated with each action
(i.e., the amount of time it takes to complete the action). This time is usually referred to as downtime and it is
defined as the length of time an item is not operational. There are a number of different factors that can affect the
length of downtime, such as the physical characteristics of the system, spare part availability, repair crew
availability, human factors, environmental factors, etc. Downtime can be divided into two categories based on these

factors:

* Waiting Downtime. This is the time during which the equipment is inoperable but not yet undergoing repair.
This could be due to the time it takes for replacement parts to be shipped, administrative processing time, etc.

* Active Downtime. This is the time during which the equipment is inoperable and actually undergoing repair. In
other words, the active downtime is the time it takes repair personnel to perform a repair or replacement. The
length of the active downtime is greatly dependent on human factors, as well as on the design of the equipment.

For example, the ease of accessibility of components in a system has a direct effect on the active downtime.

These downtime definitions are subjective and not necessarily mutually exclusive nor all-inclusive. As an example,
consider the time required to diagnose the problem. One may need to diagnose the problem before ordering parts and

then wait for the parts to arrive.

The influence of a variety of different factors on downtime results in the fact that the time it takes to repair/restore a
specific item is not generally constant. That is, the time-to-repair is a random variable, much like the time-to-failure.
The statement that it takes on average five hours to repair implies an underlying probabilistic distribution.
Distributions that describe the time-to-repair are called repair distributions (or downtime distributions) in order to
distinguish them from the failure distributions. However, the methods employed to quantify these distributions are
not any different mathematically than the methods employed to quantify failure distributions. The difference is in
how they are employed (i.e., the events they describe and metrics used). As an example, when using a life
distribution with failure data (i.e., the event modeled was time-to-failure), unreliability provides the probability that
the event (failure) will occur by that time, while reliability provides the probability that the event (failure) will not
occur. In the case of downtime distributions, the data set consists of times-to-repair, thus what we termed as
unreliability now becomes the probability of the event occurring (i.e., repairing the component). Using these

definitions, the probability of repairing the component by a given time, I, is also called the component's
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maintainability.

Maintainability

Maintainability is defined as the probability of performing a successful repair action within a given time. In other
words, maintainability measures the ease and speed with which a system can be restored to operational status after a
failure occurs. For example, if it is said that a particular component has a 90% maintainability in one hour, this
means that there is a 90% probability that the component will be repaired within an hour. In maintainability, the
random variable is time-to-repair, in the same manner as time-to-failure is the random variable in reliability. As an
example, consider the maintainability equation for a system in which the repair times are distributed exponentially.

Its maintainability M (f)is given by:
M(t)=1-¢

where H= repair rate.

Note the similarity between this equation and the equation for the reliability of a system with exponentially
distributed failure times. However, since the maintainability represents the probability of an event occurring
(repairing the system) while the reliability represents the probability of an event not occurring (failure), the
maintainability expression is the equivalent of the unreliability expression, (1 - R). Furthermore, the single model
parameter His now referred to as the repair rate, which is analogous to the failure rate, A, used in reliability for an

exponential distribution.
Similarly, the mean of the distribution can be obtained by:
— = MTT R(mean time to repair)

It
This now becomes the mean time to repair ( M 11" I) instead of the mean time to failure ( MTT'F').

The same concept can be expanded to other distributions. In the case of the Weibull distribution, maintainability,
M (f), is given by:

i a
M{t)y=1- E_("?)
While the mean time to repair ( M TT'R) is given by:

MTTR =n-r(%+1)

And the Weibull repair rate is given by:

p(t) = g(%)-ﬁ—l

As a last example, if a lognormal distribution is chosen, then:

’ = 2
T 1 _l(c—’r')
M(t) = — e 2\ ) (¢
( ) £ O \;QTT

where:

« T =mean of the natural logarithms of the times-to-repair.

» 07" =standard deviation of the natural logarithms of the times-to-repair.

It should be clear by now that any distribution can be used, as well as related concepts and methods used in life data
analysis. The only difference being that instead of times-to-failure we are using times-to-repair. What one chooses to

include in the time-to-repair varies, but can include:

1. The time it takes to successfully diagnose the cause of the failure.

2. The time it takes to procure or deliver the parts necessary to perform the repair.
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The time it takes to gain access to the failed part or parts.
The time it takes to remove the failed components and replace them with functioning ones.
The time involved with bringing the system back to operating status.

The time it takes to verify that the system is functioning within specifications.

N AW

The time associated with closing up a system and returning it to normal operation.

In the interest of being fair and accurate, one should disclose (document) what was and was not included in

determining the repair distribution.

Availability

If one considers both reliability (probability that the item will not fail) and maintainability (the probability that the
item is successfully restored after failure), then an additional metric is needed for the probability that the
component/system is operational at a given time, f(i.e., has not failed or it has been restored after failure). This
metric is availability. Availability is a performance criterion for repairable systems that accounts for both the
reliability and maintainability properties of a component or system. It is defined as the probability that the system is
operating properly when it is requested for use. That is, availability is the probability that a system is not failed or
undergoing a repair action when it needs to be used. For example, if a lamp has a 99.9% availability, there will be
one time out of a thousand that someone needs to use the lamp and finds out that the lamp is not operational either
because the lamp is burned out or the lamp is in the process of being replaced. Note that this metric alone tells us
nothing about how many times the lamp has been replaced. For all we know, the lamp may be replaced every day or
it could have never been replaced at all. Other metrics are still important and needed, such as the lamp's reliability.

The next table illustrates the relationship between reliability, maintainability and availability.

Reliability |Maintainability| Availability
<4 Constant + Decreases + Decreases
4P Constant + Increases + Increases
+ Increases |<—P> Constant + Increases
* Decreases |<—¥ Constant * Decreases

A Brief Introduction to Renewal Theory

For a repairable system, the time of operation is not continuous. In other words, its life cycle can be described by a
sequence of up and down states. The system operates until it fails, then it is repaired and returned to its original
operating state. It will fail again after some random time of operation, get repaired again, and this process of failure
and repair will repeat. This is called a renewal process and is defined as a sequence of independent and non-negative
random variables. In this case, the random variables are the times-to-failure and the times-to-repair/restore. Each
time a unit fails and is restored to working order, a renewal is said to have occurred. This type of renewal process is
known as an alternating renewal process because the state of the component alternates between a functioning state

and a repair state, as illustrated in the following graphic.
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A system's renewal process is determined by the renewal processes of its components. For example, consider a series
system of three statistically independent components. Each component has a failure distribution and a repair
distribution. Since the components are in series, when one component fails, the entire system fails. The system is

then down for as long as the failed component is under repair. The following figure illustrates this.
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One of the main assumptions in renewal theory is that the failed components are replaced with new ones or are
repaired so they are as good as new, hence the name renewal. One can make the argument that this is the case for
every repair, if you define the system in enough detail. In other words, if the repair of a single circuit board in the
system involves the replacement of a single transistor in the offending circuit board, then if the analysis (or RBD) is
performed down to the transistor level, the transistor itself gets renewed. In cases where the analysis is done at a
higher level, or if the offending component is replaced with a used component, additional steps are required. We will
discuss this in later chapters using a restoration factor in the analysis. For more details on renewal theory, interested

readers can refer to Elsayed [7] and Leemis [17].
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Availability Classifications

The definition of availability is somewhat flexible and is largely based on what types of downtimes one chooses to

consider in the analysis. As a result, there are a number of different classifications of availability, such as:

Instantaneous or Point Availability, A (f)

Instantaneous (or point) availability is the probability that a system (or component) will be operational (up and
running) at any random time, t. This is very similar to the reliability function in that it gives a probability that a
system will function at the given time, t. Unlike reliability, the instantaneous availability measure incorporates
maintainability information. At any given time, t, the system will be operational if the following conditions are met
Elsayed ([7]):

The item functioned properly from Oto fwith probability R(f)or it functioned properly since the last repair at time
u, 0 < u < ¢, with probability:

[; R(t — u)ym(u)du

With m( Ur)being the renewal density function of the system.

Then the point availability is the summation of these two probabilities, or:

t
A(l) = R(t) + f R(t — w)ym(u)du
1]
Average Uptime Availability (or Mean Availability), A (f)
The mean availability is the proportion of time during a mission or time period that the system is available for use. It

represents the mean value of the instantaneous availability function over the period (0, T] and is given by:

1 gt
AW =7 [ Aw)du
D=1 [ Aw
Steady State Availability, -1(00)
The steady state availability of the system is the limit of the instantaneous availability function as time approaches
infinity or:
Alco) = lim A(l
(00) = lim A(t)

The figure shown next also graphically illustrates this.
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In other words, one can think of the steady state availability as a stabilizing point where the system's availability is a
constant value. However, one has to be very careful in using the steady state availability as the sole metric for some
systems, especially systems that do not need regular maintenance. A large scale system with repeated repairs, such as
a car, will reach a point where it is almost certain that something will break and need repair once a month. However,
this state may not be reached until, say, 500,000 miles. Obviously, if I am an operator of rental vehicles and I only
keep the vehicles until they reach 50,000 miles, then this value would not be of any use to me. Similarly, if I am an
auto maker and only warrant the vehicles to X'miles, is knowing the steady state value useful?

Inherent Availability, Aj

Inherent availability is the steady state availability when considering only the corrective downtime of the system.

For a single component, this can be computed by:

B MTTF

- MTTF + MTTR

This gets slightly more complicated for a system. To do this, one needs to look at the mean time between failures, or
MT BF', and compute this as follows:

B MTBF
MTBF + MTTR
This may look simple. However, one should keep in mind that until the steady state is reached, the M I" 3 F'may be

As

A;

a function of time (e.g., a degrading system), thus the above formulation should be used cautiously. Furthermore, it
is important to note that the MT" B F'defined here is different from the M T"T" F'(or more precisely for a repairable
system, M'T'T'F'F’, mean time to first failure).

Achieved Availability, - 4

Achieved availability is very similar to inherent availability with the exception that preventive maintenance (PM)
downtimes are also included. Specifically, it is the steady state availability when considering corrective and
preventive downtime of the system. It can be computed by looking at the mean time between maintenance actions,
MT BM and the mean maintenance downtime, H,or:

_ MTBM

~ MTBM +M

Operational Availability, Ao

1A

Operational availability is a measure of the average availability over a period of time and it includes all experienced

sources of downtime, such as administrative downtime, logistic downtime, etc.
Operational availability is the ratio of the system uptime and total time. Mathematically, it is given by:

Uptime

g = ;
Operating Cycle
Where the operating cycle is the overall time period of operation being investigated and uptime is the total time the

system was functioning during the operating cycle.

When there is no specified logistic downtime or preventive maintenance, the above equation returns the Mean
Availability of the system. The operational availability is the availability that the customer actually experiences. It is
essentially the a posteriori availability based on actual events that happened to the system. The previous availability
definitions are a priori estimations based on models of the system failure and downtime distributions. In many cases,
operational availability cannot be controlled by the manufacturer due to variation in location, resources and other

factors that are the sole province of the end user of the product.
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Example: Calculating Availability

As an example, consider the following scenario. A diesel power generator is supplying electricity at a research site in
Antarctica. The personnel are not satisfied with the generator. They estimated that in the past six months, they were
without electricity due to generator failure for an accumulated time of 1.5 months. Therefore, the operational

availability of the diesel generator experienced by the personnel of the station is:

B 4.5 months

A, =
® 6 months
Obviously, this is not satisfactory performance for an electrical generator in such a climate, so alternatives to this

=0.75

source of electricity are investigated. One alternative under consideration is a wind-powered electrical turbine, which
the manufacturer claims to have a 99.71% availability. This is much higher than the availability experienced by the
crew of the Antarctic research station for the diesel generator. Upon investigation, it was found that the wind-turbine

manufacturer estimated the availability based on the following information:

Failure Distribution Repair Distribution

Exponential, MTTF = 2400 hr Exponential, MTTR="Thr

Based on the above information, one can estimate the mean availability for the wind turbine over a period of six

months to be:

A=A; =09972
This availability, however, was obtained solely by considering the claimed failure and repair properties of the
wind-turbine. Waiting downtime was not considered in the above calculation. Therefore, this availability measure
cannot be compared to the operational availability for the diesel generator since the two availability measurements
have different inputs. This form of availability measure is also known as inherent availability. In order to make a
meaningful comparison, the inherent availability of the diesel generator needs to be estimated. The diesel generator
has an MT'T F'= 50 days (or 1200 hours) and an M T"T'R= 3 hours. Thus, an estimate of the mean availability is:

A=A;=0.9975
Note that the inherent availability of the diesel generator is actually a little bit better than the inherent availability of
the wind-turbine! Even though the diesel generator has a higher failure rate, its mean-time-to-repair is much smaller
than that of the wind turbine, resulting in a slightly higher inherent availability value. This example illustrates the
potentially large differences in the types of availability measurements, as well as their misuse. In this example, the
operational availability is much lower than the inherent availability. This is because the inherent availability does not
account for downtime due to administrative time, logistic time, the time required to obtain spare parts or the time it

takes for the repair personnel to arrive at the site.

Preventive Maintenance

Preventive maintenance (PM) is a schedule of planned maintenance actions aimed at the prevention of breakdowns
and failures. The primary goal of preventive maintenance is to prevent the failure of equipment before it actually
occurs. It is designed to preserve and enhance equipment reliability by replacing worn components before they
actually fail. Preventive maintenance activities include equipment checks, partial or complete overhauls at specified
periods, oil changes, lubrication and so on. In addition, workers can record equipment deterioration so they know to
replace or repair worn parts before they cause system failure. Recent technological advances in tools for inspection
and diagnosis have enabled even more accurate and effective equipment maintenance. The ideal preventive

maintenance program would prevent all equipment failure before it occurs.
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Value of Preventive Maintenance

There are multiple misconceptions about preventive maintenance. One such misconception is that PM is unduly
costly. This logic dictates that it would cost more for regularly scheduled downtime and maintenance than it would
normally cost to operate equipment until repair is absolutely necessary. This may be true for some components;
however, one should compare not only the costs but the long-term benefits and savings associated with preventive
maintenance. Without preventive maintenance, for example, costs for lost production time from unscheduled
equipment breakdown will be incurred. Also, preventive maintenance will result in savings due to an increase of

effective system service life.
Long-term benefits of preventive maintenance include:
* Improved system reliability.
* Decreased cost of replacement.
* Decreased system downtime.
* Better spares inventory management.

Long-term effects and cost comparisons usually favor preventive maintenance over performing maintenance actions

only when the system fails.

When Does Preventive Maintenance Make Sense?
Preventive maintenance is a logical choice if, and only if, the following two conditions are met:

* Condition #1: The component in question has an increasing failure rate. In other words, the failure rate of the
component increases with time, implying wear-out. Preventive maintenance of a component that is assumed to
have an exponential distribution (which implies a constant failure rate) does not make sense!

* Condition #2: The overall cost of the preventive maintenance action must be less than the overall cost of a

corrective action.

If both of these conditions are met, then preventive maintenance makes sense. Additionally, based on the costs ratios,

an optimum time for such action can be easily computed for a single component. This is detailed in later sections.

The Fallacy of ''Constant Failure Rate' and ''Preventive Replacement'

Even though we alluded to the fact in the last section, it is important to make it explicitly clear that if a component
has a constant failure rate (i.e., defined by an exponential distribution), then preventive maintenance of the
component will have no effect on the component's failure occurrences. To illustrate this, consider a component with
an MTT F=100hours, or A = 0.01, and with preventive replacement every 50 hours. The reliability vs. time

graph for this case is illustrated in the following figure, where the component is replaced every 50 hours, thereby
resetting the component's reliability to one. At first glance, it may seem that the preventive maintenance action is

actually maintaining the component at a higher reliability.

R(t)

However, consider the following cases for a single component:
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Case 1: The component's reliability from O to 60 hours:

* With preventive maintenance, the component was replaced with a new one at 50 hours so the overall reliability is
based on the reliability of the new component for 10 hours, R(f = 10) = 90-48%, times the reliability of the
previous component, fe(t = 50) = 60.65%. The result is R(t = 60) = 54.88%.

* Without preventive maintenance, the reliability would be the reliability of the same component operating to 60

hours, or Rl:f = 60) = 5488%

Case 2: The component's reliability from 50 to 60 hours:

* With preventive maintenance, the component was replaced at 50 hours, so this is solely based on the reliability of
the new component for a mission of 10 hours, or R(f = 10) = 90.48%.

* Without preventive maintenance, the reliability would be the conditional reliability of the same component
operating to 60 hours, having already survived to 50 hours, or

Re(T = 60|50) = R(60)/R(50) = 90.48%,

As can be seen, both cases — with and without preventive maintenance — yield the same results.

Determining Preventive Replacement Time

As mentioned earlier, if the component has an increasing failure rate, then a carefully designed preventive
maintenance program is beneficial to system availability. Otherwise, the costs of preventive maintenance might
actually outweigh the benefits. The objective of a good preventive maintenance program is to either minimize the
overall costs (or downtime, etc.) or meet a reliability objective. In order to achieve this, an appropriate interval (time)
for scheduled maintenance must be determined. One way to do that is to use the optimum age replacement model, as

presented next. The model adheres to the conditions discussed previously:

* The component is exhibiting behavior associated with a wear-out mode. That is, the failure rate of the

component is increasing with time.
* The cost for planned replacements is significantly less than the cost for unplanned replacements.

The following figure shows the Cost Per Unit Time vs. Time plot and it can be seen that the corrective replacement
costs increase as the replacement interval increases. In other words, the less often you perform a PM action, the
higher your corrective costs will be. Obviously, as we let a component operate for longer times, its failure rate
increases to a point that it is more likely to fail, thus requiring more corrective actions. The opposite is true for the
preventive replacement costs. The longer you wait to perform a PM, the less the costs; if you do PM too often, the
costs increase. If we combine both costs, we can see that there is an optimum point that minimizes the costs. In other
words, one must strike a balance between the risk (costs) associated with a failure while maximizing the time

between PM actions.
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To determine the optimum time for such a preventive maintenance action (replacement), we need to mathematically
formulate a model that describes the associated costs and risks. In developing the model, it is assumed that if the unit
fails before time £, a corrective action will occur and if it does not fail by time ta preventive action will occur. In

other words, the unit is replaced upon failure or after a time of operation, ¥, whichever occurs first. Thus, the
optimum replacement time can be found by minimizing the cost per unit time, CPUT (f) .CPUT (t)is given

by:
CPUT (1) :Tot-al Expected Replacement Cost per Cycle
Expected Cycle Length
_Cp-R(t)+Cy-[1-R(t)]
- 3 R(s)ds
where:

. R“’-): reliability at time Z.

« Cp=cost of planned replacement.

« Clr= cost of unplanned replacement.
The optimum replacement time interval, I, is the time that minimizes CPUT (f) .This can be found by solving for
fsuch that:

d[CPUT(L)]
ot

Or by solving for a tthat satisfies the following equation:

9 [cp-ﬁ{c]Jch-[l—R{z]]]
=0

=0

fﬂt R{s)ds
dt

Interested readers can refer to Barlow and Hunter [2] for more details on this model.
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In BlockSim (Version 8 and above), you can use the Optimum Replacement window to determine the optimum
replacement time either for an individual block or for multiple blocks in a diagram simultaneously. When working
with multiple blocks, the calculations can be for individual blocks or for one or more groups of blocks. For each item
that is included in the optimization calculations, you will need to specify the cost for a planned replacement and the
cost for an unplanned replacement. This is done by calculating the costs for replacement based on the item settings
using equations or simulation and then, if desired, manually entering any additional costs for either type of

replacement in the corresponding columns of the table.

The equations used to calculate the costs of planned and unplanned tasks for each item based on its associated URD

are as follows:
* For the cost of planned tasks, here denoted as PM cost:

PM Cost = (PM Down Time Rate + Block Level Down Time Rate) - (MTTPM + Pool Delay + Crew Delay)
+Crew Labor Rate - MTTPM + Cost per PM + Cost per Pool 4 Cost per Crew
Only PM tasks based on item age or system age (fixed or dynamic intervals) are considered. If there is more

than one PM task based on item age, only the first one is considered.

* For the cost of the unplanned task, here denoted as CM cost:

CM Cost = (CM Down Time Rate + Block Level Down Time Rate) - (MTTR + Pool Delay + Crew Delay)
+ Crew Labor Rate- MTTR + Cost per CM + Cost per Pool + Cost per Crew + Block Level Cost per Failure
When using simulation, for costs associated with planned replacements, all preventive tasks based on item age or

system age (fixed or dynamic intervals) are considered. Because each item is simulated as a system (i.e., in isolation

from any other item), tasks triggered in other ways are not considered.

Example: Optimum Replacement Time

The failure distribution of a component is described by a 2-parameter Weibull distribution with 3 = 2.5nd
1 = 1000hours.

* The cost for a corrective replacement is $5.

e The cost for a preventive replacement is $1.
Estimate the optimum replacement age in order to minimize these costs.
Solution

Prior to obtaining an optimum replacement interval for this component, the assumptions of the following equation

must be checked.

_ Total Expected Replacement Cost per Cycle

CPUT (t) Expected Cycle Length

_Cp-R(t)+Cy- [l - R(t)]
3 R(s)ds

The component has an increasing failure rate because it follows a Weibull distribution with ﬂgreater than 1. Note

that if ﬁ = 1, then the component has a constant failure rate, but if .ﬁ < 1, then it has a decreasing failure rate. If
either of these cases exist, then preventive replacement is unwise. Furthermore, the cost for preventive replacement
is less than the corrective replacement cost. Thus, the conditions for the optimum age replacement policy have been
met.

Using BlockSim, enter the parameters of the Weibull distribution in the component's Block Properties window.
Next, open the Optimum Replacement window and enter the 1 in the Additional Planned Replacement Cost
column, and 5§ in the Additional Unplanned Replacement Cost column. Click Calculate. In the Optimum
Replacement Calculations window that appears, select the Calculate the individual optimum replacement times

option and click OK. The optimum replacement time for the component is estimated to be 493.0470, as shown next.
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The figure below shows the Cost vs. Time plot of the component (with the scaling adjusted and the plot annotated to

show the minimum cost).
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If we enter different cost values in the Additional Unplanned column and obtain the optimum replacement time at
each value, we can use the data points to create a plot that shows the effect of the corrective cost on the optimum
replacement interval. The following plot shows an example. In this case, the optimum replacement interval decreases
as the cost ratio increases. This is an expected result because the corrective replacement costs are much greater than
the preventive replacement costs. Therefore, it is more cost-effective to replace the component more frequently

before it fails.
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Applying These Principles to Larger Systems

In this chapter, we explored some of the basic concepts and mathematical formulations involving repairable systems.
Most examples/equations were given using a single component and, in some cases, using the exponential distribution
for simplicity. In practical applications where one is dealing with large systems composed of many components that
fail and get repaired based on different distributions and with additional constraints (such as spare parts, crews, etc.),
exact analytical computations become intractable. To solve such systems, one needs to resort to simulation (more
specifically, discrete event simulation) to obtain the metrics/results discussed in this section. Repairable Systems

Analysis Through Simulation expands on these concepts and introduces these simulation methods.
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Chapter 7

Repairable Systems Analysis Through Simulation

NOTE: Some of the examples in this reference use time values with specified units (e.g., hours, days, etc.) while
other examples use the abbreviation “tu” for values that could be interpreted as any given time unit. For details, see

Time Units [1].

Having introduced some of the basic theory and terminology for repairable systems in Introduction to Repairable
Systems, we will now examine the steps involved in the analysis of such complex systems. We will begin by
examining system behavior through a sequence of discrete deterministic events and expand the analysis using

discrete event simulation.

Simple Repairs
Deterministic View, Simple Series

To first understand how component failures and simple repairs affect the system and to visualize the steps involved,

let's begin with a very simple deterministic example with two components, Aand B, in series.

A

Component Afails every 100 hours and component Bfails every 120 hours. Both require 10 hours to get repaired.

Furthermore, assume that the surviving component stops operating when the system fails (thus not aging). NOTE:
When a failure occurs in certain systems, some or all of the system's components may or may not continue to
accumulate operating time while the system is down. For example, consider a transmitter-satellite-receiver system.
This is a series system and the probability of failure for this system is the probability that any of the subsystems fail.
If the receiver fails, the satellite continues to operate even though the receiver is down. In this case, the continued
aging of the components during the system inoperation must be taken into consideration, since this will affect their

failure characteristics and have an impact on the overall system downtime and availability.

The system behavior during an operation from O to 300 hours would be as shown in the figure below.
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Specifically, component Awould fail at 100 hours, causing the system to fail. After 10 hours, component Awould
be restored and so would the system. The next event would be the failure of component 5. We know that
component Bfails every 120 hours (or after an age of 120 hours). Since a component does not age while the system
is down, component Bwould have reached an age of 120 when the clock reaches 130 hours. Thus, component 3
would fail at 130 hours and be repaired by 140 and so forth. Overall in this scenario, the system would be failed for a
total of 40 hours due to four downing events (two due to ~Aand two due to IB). The overall system availability
(average or mean availability) would be 260 /’ 300 = 0.86667. point availability is the availability at a specific
point time. In this deterministic case, the point availability would always be equal to 1 if the system is up at that time
and equal to zero if the system is down at that time.
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Operating Through System Failure

In the prior section we made the assumption that components do not age when the system is down. This assumption
applies to most systems. However, under special circumstances, a unit may age even while the system is down. In
such cases, the operating profile will be different from the one presented in the prior section. The figure below

illustrates the case where the components operate continuously, regardless of the system status.

120 [250

100 1210

e Uy U

0.000 60.000 120.000 180.000 240.000 300.000
Time, (t)

Effects of Operating Through Failure

Consider a component with an increasing failure rate, as shown in the figure below. In the case that the component
continues to operate through system failure, then when the system fails at Lithe surviving component's failure rate
will be Ay, as illustrated in figure below. When the system is restored at t2, the component would have aged by

2 — Liand its failure rate would now be Az.

In the case of a component that does not operate through failure, then the surviving component would be at the same

failure rate, A1,when the system resumes operation.
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Deterministic View, Simple Parallel

Consider the following system where Afails every 100, Bevery 120, Cevery 140 and Devery 160 time units.
Each takes 10 time units to restore. Furthermore, assume that components do not age when the system is down.

B
D

A deterministic system view is shown in the figure below. The sequence of events is as follows:

At 100, Afails and is repaired by 110. The system is failed.
At 130, Bfails and is repaired by 140. The system continues to operate.
At 150, C'fails and is repaired by 160. The system continues to operate.
At 170, Dfails and is repaired by 180. The system is failed.
At 220, Afails and is repaired by 230. The system is failed.

At 280, Bfails and is repaired by 290. The system continues to operate.
End at 300.

Al o e
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Additional Notes

It should be noted that we are dealing with these events deterministically in order to better illustrate the
methodology. When dealing with deterministic events, it is possible to create a sequence of events that one would
not expect to encounter probabilistically. One such example consists of two units in series that do not operate
through failure but both fail at exactly 100, which is highly unlikely in a real-world scenario. In this case, the
assumption is that one of the events must occur at least an infinitesimal amount of time ( dt)before the other.
Probabilistically, this event is extremely rare, since both randomly generated times would have to be exactly equal to
each other, to 15 decimal points. In the rare event that this happens, BlockSim would pick the unit with the lowest ID
value as the first failure. BlockSim assigns a unique numerical ID when each component is created. These can be
viewed by selecting the Show Block ID option in the Diagram Options window.

Deterministic Views of More Complex Systems

Even though the examples presented are fairly simplistic, the same approach can be repeated for larger and more
complex systems. The reader can easily observe/visualize the behavior of more complex systems in BlockSim using
the Up/Down plots. These are the same plots used in this chapter. It should be noted that BlockSim makes these plots
available only when a single simulation run has been performed for the analysis (i.e., Number of Simulations = 1).

These plots are meaningless when doing multiple simulations because each run will yield a different plot.
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Probabilistic View, Simple Series

In a probabilistic case, the failures and repairs do not happen at a fixed time and for a fixed duration, but rather occur

randomly and based on an underlying distribution, as shown in the following figures.
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We use discrete event simulation in order to analyze (understand) the system behavior. Discrete event simulation
looks at each system/component event very similarly to the way we looked at these events in the deterministic
example. However, instead of using deterministic (fixed) times for each event occurrence or duration, random times
are used. These random times are obtained from the underlying distribution for each event. As an example, consider

an event following a 2-parameter Weibull distribution. The cdf of the 2-parameter Weibull distribution is given by:

F(T)=1- E_G)



http://reliawiki.org/index.php?title=File%3A8.5.png
http://reliawiki.org/index.php?title=File%3ABS8.6.png

Repairable Systems Analysis Through Simulation 132

The Weibull reliability function is given by:
R(T) =1 — F(t)

)

Then, to generate a random time from a Weibull distribution with a given Tand .ﬁ, a uniform random number from
Oto 1, Ug [D, 1], is first obtained. The random time from a Weibull distribution is then obtained from:

1

Tr =n-{-In[Ug[0,1]]}

To obtain a conditional time, the Weibull conditional reliability function is given by:
_ (w ) ’

R(T+t e "
R(rgy = TIHD € 2]
R(T) _ (z)
e

n

R(T,t)=e <%)5_<%)5]

The random time would be the solution for tfor R(T,t) = Ug[0, 1].

To illustrate the sequence of events, assume a single block with a failure and a repair distribution. The first event,

EF1, would be the failure of the component. Its first time-to-failure would be a random number drawn from its
failure distribution, TF1. Thus, the first failure event, EF1, would be at TF‘L Once failed, the next event would be
the repair of the component, ER1. The time to repair the component would now be drawn from its repair
distribution, Try. The component would be restored by time Tr + Try. The next event would now be the second
failure of the component after the repair, E'ry. This event would occur after a component operating time of Tryafter
the item is restored (again drawn from the failure distribution), or at Tr + Try + Tr. This process is repeated
until the end time. It is important to note that each run will yield a different sequence of events due to the
probabilistic nature of the times. To arrive at the desired result, this process is repeated many times and the results

from each run (simulation) are recorded. In other words, if we were to repeat this 1,000 times, we would obtain
1,000

1,000 different values for EF1, or [EFH ' Eﬁ?, . EF'I‘LDDD:|' The average of these values, ﬁz EFis s
i=1

would then be the average time to the first event, EF1, or the mean time to first failure (MTTFF) for the component.

Obviously, if the component were to be 100% renewed after each repair, then this value would also be the same for

the second failure, etc.

General Simulation Results

To further illustrate this, assume that components A and B in the prior example had normal failure and repair
distributions with their means equal to the deterministic values used in the prior example and standard deviations of
10 and 1 respectively. That is, E{HJN“DDJD), FBWNUQDJD); R, = RBNNUD,U. The settings for
components C and D are not changed. Obviously, given the probabilistic nature of the example, the times to each
event will vary. If one were to repeat this Xnumber of times, one would arrive at the results of interest for the

system and its components. Some of the results for this system and this example, over 1,000 simulations, are

provided in the figure below and explained in the next sections.
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The simulation settings are shown in the figure below.
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Maintainability fAvailab Simulation

Simulation End Time 300
Point Results Every |1

Number of Simulations 1000

Analysis Settings | Simulate |

General

Mean Availability (All Events), A ALL

This is the mean availability due to all downing events, which can be thought of as the operational availability. It is
the ratio of the system uptime divided by the total simulation time (total time). For this example:

— Uptime

A. -+
ALL T rotal Time
_269.137

300
=0.8971

Std Deviation (Mean Availability)

This is the standard deviation of the mean availability of all downing events for the system during the simulation.

Mean Availability (w/o PM, OC & Inspection), Ac s

This is the mean availability due to failure events only and it is 0.971 for this example. Note that for this case, the
mean availability without preventive maintenance, on condition maintenance and inspection is identical to the mean

availability for all events. This is because no preventive maintenance actions or inspections were defined for this

system. We will discuss the inclusion of these actions in later sections.

Downtimes caused by PM and inspections are not included. However, if the PM or inspection action results in the
discovery of a failure, then these times are included. As an example, consider a component that has failed but its
failure is not discovered until the component is inspected. Then the downtime from the time failed to the time

restored after the inspection is counted as failure downtime, since the original event that caused this was the
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component's failure.

Point Availability (All Events), -1 (%)

This is the probability that the system is up at time . As an example, to obtain this value at t= 300, a special
counter would need to be used during the simulation. This counter is increased by one every time the system is up at
300 hours. Thus, the point availability at 300 would be the times the system was up at 300 divided by the number of

simulations. For this example, this is 0.930, or 930 times out of the 1000 simulations the system was up at 300 hours.

Reliability (Fail Events), [2(t)

This is the probability that the system has not failed by time . This is similar to point availability with the major
exception that it only looks at the probability that the system did not have a single failure. Other (non-failure)
downing events are ignored. During the simulation, a special counter again must be used. This counter is increased
by one (once in each simulation) if the system has had at least one failure up to 300 hours. Thus, the reliability at 300
would be the number of times the system did not fail up to 300 divided by the number of simulations. For this

example, this is 0 because the system failed prior to 300 hours 1000 times out of the 1000 simulations.

It is very important to note that this value is not always the same as the reliability computed using the analytical
methods, depending on the redundancy present. The reason that it may differ is best explained by the following

scenario:

Assume two units in parallel. The analytical system reliability, which does not account for repairs, is the probability
that both units fail. In this case, when one unit goes down, it does not get repaired and the system fails after the
second unit fails. In the case of repairs, however, it is possible for one of the two units to fail and get repaired before
the second unit fails. Thus, when the second unit fails, the system will still be up due to the fact that the first unit was

repaired.

Expected Number of Failures, Np

This is the average number of system failures. The system failures (not downing events) for all simulations are
counted and then averaged. For this case, this is 3.188, which implies that a total of 3,188 system failure events
occurred over 1000 simulations. Thus, the expected number of system failures for one run is 3.188. This number

includes all failures, even those that may have a duration of zero.

Std Deviation (Number of Failures)

This is the standard deviation of the number of failures for the system during the simulation.

MTTFF

MTTFF is the mean time to first failure for the system. This is computed by keeping track of the time at which the
first system failure occurred for each simulation. MTTFF is then the average of these times. This may or may not be
identical to the MTTF obtained in the analytical solution for the same reasons as those discussed in the Point
Reliability section. For this case, this is 100.2511. This is fairly obvious for this case since the mean of one of the

components in series was 100 hours.

It is important to note that for each simulation run, if a first failure time is observed, then this is recorded as the
system time to first failure. If no failure is observed in the system, then the simulation end time is used as a right
censored (suspended) data point. MTTFF is then computed using the total operating time until the first failure
divided by the number of observed failures (constant failure rate assumption). Furthermore, and if the simulation end
time is much less than the time to first failure for the system, it is also possible that all data points are right censored
(i.e., no system failures were observed). In this case, the MTTFF is again computed using a constant failure rate

assumption, or:
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2.(Ts)- N

2
X0.50;2

MTTFF =

where Tsis the simulation end time and Nis the number of simulations. One should be aware that this formulation
may yield unrealistic (or erroneous) results if the system does not have a constant failure rate. If you are trying to
obtain an accurate (realistic) estimate of this value, then your simulation end time should be set to a value that is well
beyond the MTTF of the system (as computed analytically). As a general rule, the simulation end time should be at
least three times larger than the MTTF of the system.

MTBF (Total Time)

This is the mean time between failures for the system based on the total simulation time and the expected number of
system failures. For this example:

MTBF(Total Time) —20tTime
.E?\UFF
300
3.188
=94.102886
MTBF (Uptime)

This is the mean time between failures for the system, considering only the time that the system was up. This is
calculated by dividing system uptime by the expected number of system failures. You can also think of this as the

mean uptime. For this example:

MTBF(Uptime) = 2P
_ﬂ?\!rF
_269.136952
- 3.188
—84.42188
MTBE (Total Time)

This is the mean time between all downing events for the system, based on the total simulation time and including all
system downing events. This is calculated by dividing the simulation run time by the number of downing events (
N ALL pown).

MTBE (Uptime)

his is the mean time between all downing events for the system, considering only the time that the system was up.
This is calculated by dividing system uptime by the number of downing events ( Narr Down)-
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System Uptime/Downtime

Uptime, Tirp
This is the average time the system was up and operating. This is obtained by taking the sum of the uptimes for each
simulation and dividing it by the number of simulations. For this example, the uptime is 269.137. To compute the
Operational Availability, Apfor this system, then:
A, = &

Ts

CM Downtime, Tou Down

This is the average time the system was down for corrective maintenance actions (CM) only. This is obtained by
taking the sum of the CM downtimes for each simulation and dividing it by the number of simulations. For this
example, this is 30.863. To compute the Inherent Availability, Arfor this system over the observed time (which
may or may not be steady state, depending on the length of the simulation), then:

4, = TS - TCRIDDwn
Arp — T—S

Inspection Downtime

This is the average time the system was down due to inspections. This is obtained by taking the sum of the
inspection downtimes for each simulation and dividing it by the number of simulations. For this example, this is zero

because no inspections were defined.

PM Downtime, Tpa Down
This is the average time the system was down due to preventive maintenance (PM) actions. This is obtained by
taking the sum of the PM downtimes for each simulation and dividing it by the number of simulations. For this

example, this is zero because no PM actions were defined.

OC Downtime, 100 gun
This is the average time the system was down due to on-condition maintenance (PM) actions. This is obtained by
taking the sum of the OC downtimes for each simulation and dividing it by the number of simulations. For this

example, this is zero because no OC actions were defined.

Waiting Downtime, Tw.s.z't Down
This is the amount of time that the system was down due to crew and spare part wait times or crew conflict times.

For this example, this is zero because no crews or spare part pools were defined.

Total Downtime, D own

This is the downtime due to all events. In general, one may look at this as the sum of the above downtimes.
However, this is not always the case. It is possible to have actions that overlap each other, depending on the options
and settings for the simulation. Furthermore, there are other events that can cause the system to go down that do not
get counted in any of the above categories. As an example, in the case of standby redundancy with a switch delay, if
the settings are to reactivate the failed component after repair, the system may be down during the switch-back

action. This downtime does not fall into any of the above categories but it is counted in the total downtime.

For this example, this is identical to TC M Down.
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System Downing Events

System downing events are events associated with downtime. Note that events with zero duration will appear in this
section only if the task properties specify that the task brings the system down or if the task properties specify that

the task brings the item down and the item’s failure brings the system down.

. T
Number of Failures, N Fpown

This is the average number of system downing failures. Unlike the Expected Number of Failures, N this number

does not include failures with zero duration. For this example, this is 3.188.

Number of CMs, Newr Down

This is the number of corrective maintenance actions that caused the system to fail. It is obtained by taking the sum
of all CM actions that caused the system to fail divided by the number of simulations. It does not include CM events
of zero duration. For this example, this is 3.188. Note that this may differ from the Number of Failures, NEpoun.
An example would be a case where the system has failed, but due to other settings for the simulation, a CM is not

initiated (e.g., an inspection is needed to initiate a CM).

Number of Inspections, NIDDM
This is the number of inspection actions that caused the system to fail. It is obtained by taking the sum of all
inspection actions that caused the system to fail divided by the number of simulations. It does not include inspection

events of zero duration. For this example, this is zero.

Number of PMs, -'NPMDMn
This is the number of PM actions that caused the system to fail. It is obtained by taking the sum of all PM actions
that caused the system to fail divided by the number of simulations. It does not include PM events of zero duration.

For this example, this is zero.

Number of OCs, NOCDown
This is the number of OC actions that caused the system to fail. It is obtained by taking the sum of all OC actions
that caused the system to fail divided by the number of simulations. It does not include OC events of zero duration.

For this example, this is zero.

Number of OFF Events by Trigger, 17\‘!(:-‘1—‘1—‘;3.m.n
This is the total number of events where the system is turned off by state change triggers. An OFF event is not a

system failure but it may be included in system reliability calculations. For this example, this is zero.

Total Events, NALL Down

This is the total number of system downing events. It also does not include events of zero duration. It is possible that
this number may differ from the sum of the other listed events. As an example, consider the case where a failure does
not get repaired until an inspection, but the inspection occurs after the simulation end time. In this case, the number

of inspections, CMs and PMs will be zero while the number of total events will be one.

Costs and Throughput

Cost and throughput results are discussed in later sections.
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Note About Overlapping Downing Events

It is important to note that two identical system downing events (that are continuous or overlapping) may be counted
and viewed differently. As shown in Case 1 of the following figure, two overlapping failure events are counted as
only one event from the system perspective because the system was never restored and remained in the same down
state, even though that state was caused by two different components. Thus, the number of downing events in this
case is one and the duration is as shown in CM system. In the case that the events are different, as shown in Case 2
of the figure below, two events are counted, the CM and the PM. However, the downtime attributed to each event is
different from the actual time of each event. In this case, the system was first down due to a CM and remained in a
down state due to the CM until that action was over. However, immediately upon completion of that action, the
system remained down but now due to a PM action. In this case, only the PM action portion that kept the system

down is counted.

Case 1: Overlapping identical events

CM Comp. 1
° °
CM Comp. 2
CM System
L °

Case 1: Other overlapping events

CM Comp. 1
° °

PM Down Comp. 2
® )

CM System PM System
° e

System Point Results

The system point results, as shown in the figure below, shows the Point Availability (All Events), A (t), and Point
Reliability, R(f), as defined in the previous section. These are computed and returned at different points in time,
based on the number of intervals selected by the user. Additionally, this window shows (1 - rlf:f-)), (1 — R(t)),
Labor Cost(t), Part Cost(t), Cost(t), Mean A(t), Mean A(t; — t;_1), System  Failures(t),
System Off Events by Trigger(t)and T hroughput(t).
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The number of intervals shown is based on the increments set. In this figure, the number of increments set was 300,

which implies that the results should be shown every hour. The results shown in this figure are for 10 increments, or

shown every 30 hours.

Results by Component

Simulation results for each component can also be viewed. The figure below shows the results for component A.

These results are explained in the sections that follow.
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General Information

Number of Block Downing Events, Componentype

This the number of times the component went down (failed). It includes all downing events.

Number of System Downing Events, Component yspe

This is the number of times that this component's downing caused the system to be down. For component A, this is
2.038. Note that this value is the same in this case as the number of component failures, since the component A is
reliability-wise in series with components D and components B, C. If this were not the case (e.g., if they were in a

parallel configuration, like B and C), this value would be different.

Number of Failures, Component yg
This is the number of times the component failed and does not include other downing events. Note that this could

also be interpreted as the number of spare parts required for CM actions for this component. For component A, this
is 2.038.

Number of System Downing Failures, Componentyspr
This is the number of times that this component's failure caused the system to be down. Note that this may be
different from the Number of System Downing Events. It only counts the failure events that downed the system and

does not include zero duration system failures.

Number of OFF events by Trigger, Componentopr
The total number of events where the block is turned off by state change triggers. An OFF event is not a failure but it

may be included in system reliability calculations.

Mean Availability (All Events), AALLCD,“WMM

This has the same definition as for the system with the exception that this accounts only for the component.

Mean Availability (w/o PM, OC & Inspection), 4‘1CﬂIch1pomm

The mean availability of all downing events for the block, not including preventive, on condition or inspection tasks,

during the simulation.

Block Uptime, TComponsnEUp
This is tThe total amount of time that the block was up (i.e., operational) during the simulation. For component A,
this is 279.8212.

Block Downtime, TCmnpmenEDDwn
This is the average time the component was down for any reason. For component ., this is 20.1788.

Block Downtime shows the total amount of time that the block was down (i.e., not operational) during the

simulation.

Metrics

RS DECI

The ReliaSoft Downing Event Criticality Index for the block. This is a relative index showing the percentage of
times that a downing event of the block caused the system to go down (i.e., the number of system downing events

caused by the block divided by the total number of system downing events). For component A, this is 63.93%. This
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implies that 63.93% of the times that the system went down, the system failure was due to the fact that component A

went down. This is obtained from:

Componentnspe

RSDECIT =

T
N ALL pown

Mean Time Between Downing Events

This is the mean time between downing events of the component, which is computed from:

MTBDE = __Componentu

C'omponent ypg
For component A, this is 137.3019.

RS FCI

ReliaSoft's Failure Criticality Index (RS FCI) is a relative index showing the percentage of times that a failure of this
component caused a system failure. For component A, this is 63.93%. This implies that 63.93% of the times that the

system failed, it was due to the fact that component Afailed. This is obtained from:

Componentyspr + Fzp
.E?\UFF

Fzpis a special counter of system failures not included in Component yspr. This counter is not explicitly

RSFCI =

shown in the results but is maintained by the software. The reason for this counter is the fact that zero duration
failures are not counted in Component ysprsince they really did not down the system. However, these zero
duration failures need to be included when computing RS FCI.

It is important to note that for both RS DECI and RS FCI, and if overlapping events are present, the component that
caused the system event gets credited with the system event. Subsequent component events that do not bring the

system down (since the system is already down) do not get counted in this metric.

MTBF, MTBF
Mean time between failures is the mean (average) time between failures of this component, in real clock time. This is
computed from:

Ts — CF Dountime

Component y g
C'F Douwnlimeis the downtime of the component due to failures only (without PM, OC and inspection). The

MTBFo =

discussion regarding what is a failure downtime that was presented in the section explaining Mean Availability (w/o
PM & Inspection) also applies here. For component A, this is 137.3019. Note that this value could fluctuate for the
same component depending on the simulation end time. As an example, consider the deterministic scenario for this
component. It fails every 100 hours and takes 10 hours to repair. Thus, it would be failed at 100, repaired by 110,
failed at 210 and repaired by 220. Therefore, its uptime is 280 with two failure events, MTBF = 280/2 = 140.
Repeating the same scenario with an end time of 330 would yield failures at 100, 210 and 320. Thus, the uptime
would be 300 with three failures, or MTBF = 300/3 = 100. Note that this is not the same as the MTTF (mean time to

failure), commonly referred to as MTBF by many practitioners.
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Mean Downtime per Event, \/ D PE

Mean downtime per event is the average downtime for a component event. This is computed from:

MDPE = LComponentpoun
Componentypge

RS DTCI

The ReliaSoft Downtime Ceriticality Index for the block. This is a relative index showing the contribution of the
block to the system’s downtime (i.e., the system downtime caused by the block divided by the total system

downtime).

RS BCCI

The ReliaSoft Block Cost Criticality Index for the block. This is a relative index showing the contribution of the
block to the total costs (i.e., the total block costs divided by the total costs).

Non-Waiting Time CI

A relative index showing the contribution of repair times to the block’s total downtime. (The ratio of the time that the

crew is actively working on the item to the total down time).

Total Waiting Time CI

A relative index showing the contribution of wait factor times to the block’s total downtime. Wait factors include
crew conflict times, crew wait times and spare part wait times. (The ratio of downtime not including active repair

time).

Waiting for Opportunity/Maximum Wait Time Ratio

A relative index showing the contribution of crew conflict times. This is the ratio of the time spent waiting for the

crew to respond (not including crew logistic delays) to the total wait time (not including the active repair time).

Crew/Part Wait Ratio

The ratio of the crew and part delays. A value of 100% means that both waits are equal. A value greater than 100%
indicates that the crew delay was in excess of the part delay. For example, a value of 200% would indicate that the

wait for the crew is two times greater than the wait for the part.

Part/Crew Wait Ratio

The ratio of the part and crew delays. A value of 100% means that both waits are equal. A value greater than 100%
indicates that the part delay was in excess of the crew delay. For example, a value of 200% would indicate that the

wait for the part is two times greater than the wait for the crew.
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Downtime Summary

Non-Waiting Time
Time that the block was undergoing active maintenance/inspection by a crew. If no crew is defined, then this will

return zero.

Waiting for Opportunity

The total downtime for the block due to crew conflicts (i.e., time spent waiting for a crew while the crew is busy

with another task). If no crew is defined, then this will return zero.

Waiting for Crew

The total downtime for the block due to crew wait times (i.e., time spent waiting for a crew due to logistical delay).

If no crew is defined, then this will return zero.

Waiting for Parts

The total downtime for the block due to spare part wait times. If no spare part pool is defined then this will return

ZEro.

Other Results of Interest

The remaining component (block) results are similar to those defined for the system with the exception that now they

apply only to the component.

Imperfect Repairs

Restoration Factors (RF)

In the prior discussion it was assumed that a repaired component is as good as new after repair. This is usually the
case when replacing a component with a new one. The concept of a restoration factor may be used in cases in which
one wants to model imperfect repair, or a repair with a used component. The best way to indicate that a component is
not as good as new is to give the component some age. As an example, if one is dealing with car tires, a tire that is
not as good as new would have some pre-existing wear on it. In other words, the tire would have some accumulated
mileage. A restoration factor concept is used to better describe the existing age of a component. The restoration
factor is used to determine the age of the component after a repair or any other maintenance action (addressed in later

sections, such as a PM action or inspection).
The restoration factor in BlockSim is defined as a number between 0 and 1 and has the following effect:

1. A restoration factor of 1 (100%) implies that the component is as good as new after repair, which in effect
implies that the starting age of the component is 0.

2. A restoration factor of O implies that the component is the same as it was prior to repair, which in effect
implies that the starting age of the component is the same as the age of the component at failure.

3. A restoration factor of 0.25 (25%) implies that the starting age of the component is equal to 75% of the age

of the component at failure.

The figure below provides a visual demonstration of restoration factors. It should be noted that for successive
maintenance actions on the same component, the age of the component after such an action is the initial age plus the

time to failure since the last maintenance action.
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Type I and Type II RFs

BlockSim offers two kinds of restoration factors. The type I restoration factor is based on Kijima [12, 13] model I
and assumes that the repairs can only fix the wear-out and damage incurred during the last period of operation. Thus,
the nth repair can only remove the damage incurred during the time between the (n-1)th and nth failures. The type II
restoration factor, based on Kijima model II, assumes that the repairs fix all of the wear-out and damage accumulated
up to the current time. As a result, the nth repair not only removes the damage incurred during the time between the
(n-1)th and nth failures, but can also fix the cumulative damage incurred during the time from the first failure to the
(n-1)th failure.

X X3 X3 Xn-1 Xn
b P-4 b4 S — - |4 >
L
0 b L S T t,

To illustrate this, consider a repairable system, observed from time { = 0, as shown in figure above. Let the
successive failure times be denoted by tl, t‘z, ... and let the times between failures be denoted by Ty, T2 . Let
R Fdenote the restoration factor, then the age of the system Unat time tnusing the two types of restoration factors
is:

Type I Restoration Factor:

Up =tn-1 + (1 — RF)z,
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Type II Restoration Factor:

Ilustrating Type I RF Through an Example

Assume that you have a component with a Weibull failure distribution ( 3 =1.5n = 1000hours ), RF type I =
0.25 and the component undergoes instant repair. Furthermore, assume that the component starts life new (i.e., with a

start age of zero). The simulation steps are as follows:

1. Generate a uniform random number, Ug [D, 1] = 0.7021885,
2. The first failure event will then be at 500 hours.

3. After instantaneous repair, the component will begin life with an age after repair of 350 hours

(500 x (1 — 0.25)).

4. Generate another uniform random number, Ur [D, 1] = 0.8824969,
5. The next failure event is now determined using the conditional reliability equation, or:

R(t+T)=R(t,T) - R(T)
R(t + 350) =0.8824969 - R(350)
R(t + 350) =0.8824969 - 0.8129686
R(t + 350) =0.71744226
t + 350 =479.527

t =129.527
Thus, the next failure event will be at 500 + 129.527 = 629.527hours. Note that if the component had

been as good as new (i.e., RF = 100%), then the next failure would have been at 750 hours (500 + 250), where
250 is the time corresponding to a reliability of 0.8824969, which is the random number that was generated in
Step 4.

6. At this failure point, the item's age will now be equal to the initial age, after the first corrective action, plus

the additional time it operated, or 350 4+ 129.52Thours.

7. Thus, the age after the second repair will be the sum of the previous age and the restoration factor times the

age of the component since the last failure, or 350 + (129-527" X (1 - 0-25)) = 447 .14525hours.

8. Go to Step 4 and repeat the process.

Ilustrating Type II RF Through an Example

Assume that you have a component with a Weibull failure distribution ( 8= 1-5, 1 = 1000 hr), RF type II =
0.25 and the component undergoes instant repair. Furthermore, assume that the component starts life new (i.e., with a
start age of zero). The simulation steps are as follows:
1. Generate a uniform random number, Ur [D, 1] = 0.7021885,
2. The first failure event will then be at 500 hrs.
3. After instantaneous repair, the component will begin life with an age after repair of 350 hrs
(500 x (1 — 0.25)),
4. Generate another uniform random number, Ur [D, 1] = 0.8824969.

1. The next failure event is now determined using the conditional reliability equation, or:
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R(t+T)=R(t,T)- R(T)
R(t + 350) =0.8824969 - R(350)
R(t + 350) =0.8824969 - 0.8129686
R(t + 350) =0.71744226
t + 350 =479.527
t =129.527
Thus, the next failure event will be at o00 4+ 129.527 = 629.527hrs. Note that if the component had been
as good as new (i.e., RF = 100%), then the next failure would have been at 750 hrs (500 + 250), where 250 is
the time corresponding to a reliability of 0.8824969, which is the random number that was generated in Step 4.
6. At this failure point, the item's age will now be equal to the initial age, after the first corrective action, plus
the additional time it operated, or 350 + 129.527

7. Thus, the age after the second repair will be the restoration factor times the age of the component at failure,

or (350 + 129.527) x (1 — 0.25) = 359.64525prs,

8. Go to Step 4 and repeat the process.

Discussion of Type I and Type II RFs

As an application example, consider an automotive engine that fails after six years of operation. The engine is
rebuilt. The rebuild has the effect of rejuvenating the engine to a condition as if it were three years old (i.e., a 50%
RF). Assume that the rebuild affects all of the damage on the engine (i.e., a Type II restoration). The engine fails
again after three years (when it again reaches an age of six) and another rebuild is required. This rebuild will also

rejuvenate the engine by 50%, thus making it three years old again.

Now consider a similar engine subjected to a similar rebuild, but that the rebuild only affects the damage since the
last repair (i.e., a Type I restoration of 50%). The first rebuild will rejuvenate the engine to a three-year-old
condition. The engine will fail again after three years, but the rebuild this time will only affect the age (of three
years) after the first rebuild. Thus the engine will have an age of four and a half years after the second rebuild (
3+ 3 x (1 - 0-5) = 4-5). After the second rebuild the engine will fail again after a period of one and a half

years and a third rebuild will be required. The age of the engine after the third rebuild will be five years and three
months (4.5 + 1.5 x (1 — 0.5) = 5.25),

It should be pointed out that when dealing with constant failure rates (i.e., with a distribution such as the

exponential), the restoration factor has no effect.

Calculations to Obtain RFs

The two types of restoration factors discussed in the previous sections can be calculated using the parametric RDA
(Recurrent Data Analysis) tool in Weibull++ 8. This tool uses the GRP (General Renewal Process) model to analyze
failure data of a repairable item. More information on the Parametric RDA tool and the GRP (General Renewal
Process) model can be found in [25]. As an example, consider the times to failure for an air-conditioning unit of an
aircraft recorded in the following table. Assume that each time the unit is repaired, the repair can only remove the
damage incurred during the last period of operation. This assumption implies a type I RF factor which is specified as
an analysis setting in the Weibull++ folio. The type I RF for the air-conditioning unit can be calculated using the

results from Weibull++ shown in the figure below.
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The value of the action effectiveness factor Yobtained from Weibull++ is:
g =0.1344
The type I RF factor is calculated using as:
RF=1—gq

The parameters of the Weibull distribution for the air-conditioning unit can also be calculated. Bis obtained from

=1-0.1344
=0.8656

Weibull++ as 1.1976. Tlcan be calculated using the Fand Avalues from Weibull++ as:
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1
1 1.1976
_(0.0049)

=84.8582
The values of the type I RF, Pand Tcalculated above can now be used to model the air-conditioning unit as a

component in BlockSim.

Using Resources: Pools and Crews

In order to make the analysis more realistic, one may wish to consider additional sources of delay times in the
analysis or study the effect of limited resources. In the prior examples, we used a repair distribution to identify how
long it takes to restore a component. The factors that one chooses to consider in this time may include the time it
takes to do the repair and/or the time it takes to get a crew, a spare part, etc. While all of these factors may be
included in the repair duration, optimized usage of these resources can only be achieved if the resources are studied

individually and their dependencies are identified.

As an example, consider the situation where two components in parallel fail at the same time and only a single repair
person is available. Because this person would not be able to execute the repair on both components simultaneously,
an additional delay will be encountered that also needs to be included in the modeling. One way to accomplish this is

to assign a specific repair crew to each component.

Including Crews

BlockSim allows you to assign maintenance crews to each component and one or more crews may be assigned to
each component from the Maintenance Task Properties window. Note that there may be different crews for each

action, (i.e., corrective, preventive, on condition and inspection).

A crew record needs to be defined for each named crew, as shown in the picture below. The basic properties for each
crew include factors such as:

* Logistic delays. How long does it take for the crew to arrive?

* Is there a limit to the number of tasks this crew can perform at the same time? If yes, how many simultaneous
tasks can the crew perform?

* What is the cost per hour for the crew?

* What is the cost per incident for the crew?
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%" Crew

|[Default]

}— Direct cost (§/Hr)

}— Cost per Incident

Is there a limit to the number
of tasks this crew can perform
at the same time?

L Logistic delay
{E 1dentifiers

Default - Mo Cost

Default - No Cost

No

Default - Immediate Availability

SYNTHESIS

Created By: Dingzhou Cao
Modified By:

3

| Creating new crew

Ilustrating Crew Use

To illustrate the use of crews in BlockSim, consider the deterministic scenario described by the following RBD and

properties.
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Unit | Failure | Repair Crew

A 100 10 Crew A: Delay = 20, Single Task

B 120 20 Crew A: Delay = 20, Single Task
C 140 20 Crew A: Delay = 20, Single Task
D |160 10 Crew A: Delay = 20, Single Task
Block Up/Down
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D F21 DIW'I:I' Operating
20 , i )
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] Waiting for
. F170 E:p?ir Urpar[uniry
&:30 alting for
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I
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A F:00
|
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System
[ I

0.000 60.000 120000 180000 240000 300000
Time, {1)

As shown in the figure above, the System Up/Down plot illustrates the sequence of events, which are:

1. At 100, Afails. It takes 20 to get the crew and 10 to repair, thus the component is repaired by 130. The
system is failed/down during this time.

2. At 150, Bfails since it would have accumulated an operating age of 120 by this time. It again has to wait
for the crew and is repaired by 190.

3. At 170, C'fails. Upon this failure, C'requests the only available crew. However, this crew is currently
engaged by Band, since the crew can only perform one task at a time, it cannot respond immediately to the
request by C'. Thus, C'will remain failed until the crew becomes available. The crew will finish with unit
Bat 190 and will then be dispatched to C'. Upon dispatch, the logistic delay will again be considered and
C'will be repaired by 230. The system continues to operate until the failures of Band Cloverlap (i.e., the
system is down from 170 to 190)

4. At 210, Dfails. It again has to wait for the crew and repair.

5. Dis up at 260.

The following figure shows an example of some of the possible crew results (details), which are presented next.
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Crew results shown in the BlockSim's Simulation Results Explorer.

Explanation of the Crew Details

1. Each request made to a crew is logged.

2. If arequest is successful (i.e., the crew is available), the call is logged once in the Calls Received counter
and once in the Accepted Calls counter.

3. If arequest is not accepted (i.e., the crew is busy), the call is logged once in the Calls Received counter and
once in the Rejected Calls counter. When the crew is free and can be called upon again, the call is logged
once in the Calls Received counter and once in the Accepted Calls counter.

4. In this scenario, there were two instances when the crew was not available, Rejected Calls = 2, and there
were four instances when the crew performed an action, Calls Accepted = 4, for a total of six calls, Calls
Received = 6.

5. Percent Accepted and Percent Rejected are the ratios of calls accepted and calls rejected with respect to the
total calls received.

6. Total Utilization is the total time that the crew was used. It includes both the time required to complete the

repair action and the logistic time. In this case, this is 140, or:

Tr, =10,T;, = 20
Try =20,T;, = 20
Tr. =20,T1. =20
Tr, =10,1, = 20

Iy = (TRA + TLA) + (TRE + TLE)

+ (TRC + TLC) + {TRD + TLD)
Ty =140
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6. Average Call Duration is the average duration of each crew usage, and it also includes both
logistic and repair time. It is the total usage divided by the number of accepted calls. In this case,
this is 35.

7. Total Wait Time is the time that blocks in need of a repair waited for this crew. In this case, it is
40 ( C'and Dboth waited 20 each).

8. Total Crew Costs are the total costs for this crew. It includes the per incident charge as well as

the per unit time costs. In this case, this is 180. There were four incidents at 10 each for a total of

40, as well as 140 time units of usage at 1 cost unit per time unit.

9. Average Cost per Call is the total cost divided by the number of accepted calls. In this case, this
is 45.

Note that crew costs that are attributed to individual blocks can be obtained from the Blocks reports, as shown in the
figure below.
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Allocation of crew costs.

How BlockSim Handles Crews

1. Crew logistic time is added to each repair time.

2. The logistic time is always present, and the same, regardless of where the crew was called from (i.e.,
whether the crew was at another job or idle at the time of the request).

3. For any given simulation, each crew's logistic time is constant (taken from the distribution) across that
single simulation run regardless of the task (CM, PM or inspection).

4. A crew can perform either a finite number of simultaneous tasks or an infinite number.

5. If the finite limit of tasks is reached, the crew will not respond to any additional request until the number of
tasks the crew is performing is less than its finite limit.

6. If a crew is not available to respond, the component will "wait" until a crew becomes available.

7. BlockSim maintains the queue of rejected calls and will dispatch the crew to the next repair on a "first
come, first served" basis.

8. Multiple crews can be assigned to a single block (see overview in the next section).

9. If no crew has been assigned for a block, it is assumed that no crew restrictions exist and a default crew is
used. The default crew can perform an infinite number of simultaneous tasks and has no delays or costs.
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Looking at Multiple Crews
Multiple crews may be available to perform maintenance for a particular component. When multiple crews have
been assigned to a block in BlockSim, the crews are assigned to perform maintenance based on their order in the

crew list, as shown in the figure below.
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Editing corrective task properties

A single component with two corrective maintenance crews assigned to it.

In the case where more than one crew is assigned to a block, and if the first crew is unavailable, then the next crew is
called upon and so forth. As an example, consider the prior case but with the following modifications (i.e., Crews A

and Bare assigned to all blocks):
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Unit | Failure | Repair | Crew
A |100 |10 A B
B 120 |20 A B
cC 140 |20 A B
D |160 |10 A B

Crew 4‘1; Delay = 20, Single Task

Crew B; Delay = 30, Single Task

The system would behave as shown in the figure below.

Block Up/Down
P |
Crewﬁ._
C | ]
Crew B
B

Crew A

A | |

Crew &

System

L1l L L L
0000 60000 120000 180.000  240.000 300.000

Time, (t)

In this case, Crew Bwas used for the C'repair since Crew .Awas busy. On all others, Crew Awas used. It is very
important to note that once a crew has been assigned to a task it will complete the task. For example, if we were to

change the delay time for Crew Bto 100, the system behavior would be as shown in the figure below.
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In other words, even though Crew Awould have finished the repair on C'more quickly if it had been available when

originally called, Bwas assigned the task because .Awas not available at the instant that the crew was needed.

Additional Rules on Crews
1. If all assigned crews are engaged, the next crew that will be chosen is the crew that can get there first.

a) This accounts for the time it would take a particular crew to complete its current task (or all
tasks in its queue) and its logistic time.

2. If a crew is available, it gets used regardless of what its logistic delay time is.

a) In other words, if a crew with a shorter logistic time is busy, but almost done, and another crew
with a much higher logistic time is currently free, the free one will get assigned to the task.

3. For each simulation each crew's logistic time is computed (taken randomly from its distribution or its
fixed time) at the beginning of the simulation and remains constant across that one simulation for all
actions (CM, PM and inspection).

Using Spare Part Pools

BlockSim also allows you to specify spare part pools (or depots). Spare part pools allow you to model and manage
spare part inventory and study the effects associated with limited inventories. Each component can have a spare part
pool associated with it. If a spare part pool has not been defined for a block, BlockSim's analysis assumes a default
pool of infinite spare parts. To speed up the simulation, no details on pool actions are kept during the simulation if
the default pool is used.

Pools allow you to define multiple aspects of the spare part process, including stock levels, logistic delays and

restock options. Every time a part is repaired under a CM or scheduled action (PM, OC and Inspection), a spare part
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is obtained from the pool. If a part is available in the pool, it is then used for the repair. Spare part pools perform

their actions based on the simulation clock time.

Spare Properties

A spare part pool is identified by a name. The general properties of the pool are its stock level (must be greater than
zero), cost properties and logistic delay time. If a part is available (in stock), the pool will dispense that part to the
requesting block after the specified logistic time has elapsed. One needs to think of a pool as an independent entity.
It accepts requests for parts from blocks and dispenses them to the requesting blocks after a given logistic time.
Requests for spares are handled on a first come, first served basis. In other words, if two blocks request a part and
only one part is in stock, the first block that made the request will receive the part. Blocks request parts from the pool

immediately upon the initiation of a CM or scheduled event (PM, OC and Inspection).

Restocking the Pool

If the pool has a finite number of spares, restock actions may be incorporated. The figure below shows the restock
properties. Specifically, a pool can restock itself either through a scheduled restock action or based on specified

conditions.

%, Spare Part Poo

Spare Part Pool Name
[Default]
Spare Part Pool Properties =
;||§1 Spares
(— Direct cost per dispensed item Default - No Cost
(— Spare acquisition type Limited number of spares -
+ Initial stock level 1
+— Holding cost ($/Hrin pool) Default - No Cost

I Pool has maximum capacity
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LNumberadded perrestock 1
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|— Required time forstock arrival | Default- Immediate Availability
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= A E g ¥y Spare F s
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. I=]
= (5 [H

Created By: User Name
Modified By:

A SYNTHESIS

OK Cancel

Creating new pool

A scheduled restock action adds a set number of parts to the pool on a predefined scheduled part arrival time. For the
settings in the figure above, one spare part would be added to the pool every 100 hours, based on the system
(simulation) time. In other words, for a simulation of 1,000 hours, a spare part would arrive at 100 hours, 200 hours,

etc. The part is available to the pool immediately after the restock action and without any logistic delays.

In an on-condition restock, a restock action is initiated when the stock level reaches (or is below) a specified value.
In figure above, five parts are ordered when the stock level reaches 0. Note that unlike the scheduled restock, parts

added through on-condition restock become available after a specified logistic delay time. In other words, when
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doing a scheduled restock, the parts are pre-ordered and arrive when needed. Whereas in the on-condition restock,
the parts are ordered when the condition occurs and thus arrive after a specified time. For on-condition restocks, the
condition is triggered if and only if the stock level drops to or below the specified stock level, regardless of how the
spares arrived to the pool or were distributed by the pool. In addition, the restock trigger value must be less than the

initial stock.

Lastly, a maximum capacity can be assigned to the pool. If the maximum capacity is reached, no more restock
actions are performed. This maximum capacity must be equal to or greater than the initial stock. When this limit is
reached, no more items are added to the pool. For example, if the pool has a maximum capacity of ten and a current
stock level of eight and if a restock action is set to add five items to the pool, then only two will be accepted.

Obtaining Emergency Spares

Emergency restock actions can also be defined. The figure below illustrates BlockSim's Emergency Spare Provisions
options. An emergency action is triggered only when a block requests a spare and the part is not currently in stock.
This is the only trigger condition. It does not account for whether a part has been ordered or if one is scheduled to
arrive. Emergency spares are ordered when the condition is triggered and arrive after a time equal to the required

time to obtain emergency spare(s).
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\é Can obtain emergency spares if needed
Number added per
emergency

%Addltonal costs for 8 Model_6 [100]
eMEergency spares

1

Required time for B Model_7 [50]
emergency spares (Hr)
Off-site spare part pool Default - None

=1 (1] 1dentifiers

SYNTHESIS
ﬁ
e
B

Created By: Dingzhou Cao
Modified By:

A

OK | Cancel

Creating new pool
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Summary of Rules for Spare Part Pools

The following rules summarize some of the logic when dealing with spare part pools.

Basic Logic Rules

1. Queue Based: Requests for spare parts from blocks are queued and executed on a "first come, first

served" basis.
2. Emergency: Emergency restock actions are performed only when a part is not available.
3. Scheduled Restocks: Scheduled restocks are added instantaneously to the pool at the scheduled time.

4. On-Condition Restock: On-condition restock happens when the specified condition is reached (e.g.,
when the stock drops to two or if a request is received for a part and the stock is below the restock

level).

a) For example, if a pool has three items in stock and it dispenses one, an on-condition restock is
initiated the instant that the request is received (without regard to the logistic delay time). The

restocked items will be available after the required time for stock arrival has elapsed.

b) The way that this is defined allows for the possibility of multiple restocks. Specifically, every
time a part needs to be dispensed and the stock is lower than the specified quantity, parts are
ordered. In the case of a long logistic delay time, it is possible to have multiple re-orders in the

queue.

5. Parts Become Available after Spare Acquisition Logistic Delay: If there is a spare acquisition

logistic time delay, the requesting block will get the part after that delay.

a) For example, if a block with a repair duration of 10 fails at 100 and requests a part from a pool

with a logistic delay time of 10, that block will not be up until 120.

6. Compound Delays: If a part is not available and an emergency part (or another part) can be obtained,
then the total wait time for the part is the sum of both the logistic time and the required time to obtain a

spare.

7. First Available Part is Dispensed to the First Block in the Queue: The pool will dispense a
requested part if it has one in stock or when it becomes available, regardless of what action (i.e., as

needed restock or emergency restock) that request may have initiated.

a) For example, if Block A requests a part from a pool and that triggers an emergency restock
action, but a part arrives before the emergency restock through another action (e.g., scheduled
restock), then the pool will dispense the newly arrived part to Block A (if Block A is next in the

queue to receive a part).

8. Blocks that Trigger an Action Get Charged with the Action: A block that triggers an emergency
restock is charged for the additional cost to obtain the emergency part, even if it does not use an

emergency part (i.e., even if another part becomes available first).

9. Triggered Action Cannot be Canceled. If a block triggers a restock action but then receives a part
from another source, the action that the block triggered is not canceled.

a) For example, if Block A initiates an emergency restock action but was then able to use a part
that became available through other actions, the emergency request is not canceled and an

emergency spare part will be added to the pool's stock level.
b) Another way to explain this is by looking at the part acquisition logistic times as transit times.

Because an ordered part is en-route to you after you order it, you will receive it regardless of

whether the conditions have changed and you no longer need it.
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Simultaneous Dispatch of Crews and Parts Logic

Some special rules apply when a block has both logistic delays in acquiring parts from a pool and when waiting for
crews. BlockSim dispatches requests for crews and spare parts simultaneously. The repair action does not start until

both crew and part arrive, as shown next.

Wait for crew

Corrective

Wait for part

If a crew arrives and it has to wait for a part, then this time (and cost) is added to the crew usage time.

Example Using Both Crews and Pools

Consider the following example, using both crews and pools.

5
A=)

l'n

where:

Block Fail Rep.Duration Crew Block

A | 100 10 g‘ i
B | 101 20 g‘ i
c | 102 20 g‘ i
D | 104 10 g‘ i
F | 103 20 g‘ i

And the crews are:
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Crew Num.Sim.Tasks Delay  CostPl Cost PUT
A 1 10 10 1
B 1 15 20 2

While the spare pool is:

Pool Init. Stock Restock On Condition  On Condition Delay

1 1 1 every 150 | When O Stock 1 60

The behavior of this system from O to 300 is shown graphically in the figure below.

Block Up/Down
State
F o [ Operati
Crew & 181 a1 rerating
- l 170 180 — Under Repair
Waiting for
D 173 Repair
CrowB l_]HE_l 205 Waiting for
183 195 Craw
— Waiting for
122 Spare Parts
C 6
Crew B I—]D 180
137
B 121 )
Crowr & 150 | 170
131
100
A
I:ne-w.l".l _I 120
110
Systemn | | N |

0.000 0. 000 120,000 180,000 240,000  300.000

Time, (t)

The discrete system events during that time are as follows:
1. Component Afails at 100 and Crew Ais engaged.
a) At 110, Crew Aarrives and completes the repair by 120.

b) This repair uses the only spare part in inventory and triggers an on-condition restock. A part is

ordered and is scheduled to arrive at 160.
c) A scheduled restock part is also set to arrive at 150.
d) Pool [on-hand = 0, pending: 150, 160].
2. Component Dfails at 121. Crew Ais available and it is engaged.

a) Crew Aarrives by 131 but no part is available.
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b) The failure finds the pool with no parts, triggering the on-condition restock. A part was ordered
and is scheduled to arrive at 181.

¢) Pool [on-hand = 0, pending: 150, 160, 181].
d) At 150, the first part arrives and is used by Component 3.
e) Repair on Component Sis completed 20 time units later, at 170.
f) Pool [on-hand=0, pending: 160, 181].
3. Component C'fails at 122. Crew -Ais already engaged by Component B, thus Crew Bis engaged.
a) Crew Darrives at 137 but no part is available.

b) The failure finds the pool with no parts, triggering the on-condition restock. A part is ordered
and is scheduled to arrive at 182.

¢) Pool [on-hand = 0, pending: 160, 181,182].
d) At 160, the part arrives and Component C'is repaired by 180.
e) Pool [on-hand = 0, pending: 181,182].
4. Component F'fails at 123. No crews are available until 170 when Crew .Abecomes available.
a) Crew Aarrives by 180 and has to wait for a part.

b) The failure found the pool with no parts, triggering the on-condition restock. A part is ordered
and is scheduled to arrive at 183.

¢) Pool [on-hand = 0, pending: 181,182, 183].
d) At 181, a part is obtained.
e) By 201, the repair is completed.
f) Pool [on-hand = 0, pending: 182, 183]
5. Component Dfails at 171 with no crew available.
a) Crew Bbecomes available at 180 and arrives by 195.
b) The failure finds the pool with no parts, triggering the on-condition restock. A part is ordered
and is scheduled to arrive at 231.
¢) The next part becomes available at 182 and the repair is completed by 205.
d) Pool [on-hand = 0, pending: 183, 231]

6. End time is at 300. The last scheduled part arrives at the pool at 300.

Using Maintenance Tasks

One of the most important benefits of simulation is the ability to define how and when actions are performed. In our
case, the actions of interest are part repairs/replacements. This is accomplished in BlockSim through the use of
maintenance tasks. Specifically, four different types of tasks can be defined for maintenance actions: corrective

maintenance, preventive maintenance, on condition maintenance and inspection.

Corrective Maintenance Tasks

A corrective maintenance task defines when a corrective maintenance (CM) action is performed. The figure below
shows a corrective maintenance task assigned to a block in BlockSim. Corrective actions will be performed either
immediately upon failure of the item or upon finding that the item has failed (for hidden failures that are not detected

until an inspection). BlockSim allows the selection of either category.
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¢ Upon item failure: The CM action is initiated immediately upon failure. If the user doesn't specify the choice for

a CM, then this is the default option. All prior examples were based on the instruction to perform a CM upon

failure.

*  When found failed during an Inspection: The CM action will only be initiated after an inspection is done on the
failed component. How and when the inspections are performed is defined by the block's inspection properties.

This has the effect of defining a dependency between the corrective maintenance task and the inspection task.

%+ Maintenance Task

Task Name

B Corrective Task

Corrective Properties

[=l| %) Task Scheduling

Start corrective task
[=| £</ Basic Repair Properties
{a Task duration (Hr)
=& Crew for task
[= Crew (Priority 1)
Logistic delay (Hr)
[= Crew (Priority 2)
Logistic delay (Hr)
[’ spare Part Pool
Jl Task Consequences

[ @ Restoration

Upon item failure

B Model_2 [MOR (20.0000, 0.0001)]

A Crew
A Model_2 [MOR (20.0000, 0.0001)]
B Crew
E Model_5 [MOR (30.0000, 0.00017]

Default - Mone

A SYNTHESIS

How much does this task restore

the item? To as good as new condition

[ $ Additional Costs to Consider

»

11

%

Created By: Dingzhou Cac 2/10/2012 10:41:00 AM
Modified By: Dingzhou Cao 2/10/2012 11:16:51 AM

Used by 2 items m 0 oK

Editing corrective task properties

Cancel

L} See It in action...

More application examples are available! See also:

& CM Triggered by Subsystem Down

Scheduled Tasks

Scheduled tasks can be performed on a known schedule, which can be based on any of the following:

* A time interval, either fixed or dynamic, based on the item's age (item clock) or on calendar time (system clock).

See Item and System Ages.

* The occurrence of certain events, including:

¢ The system goes down.

» Certain events happen in a maintenance group. The events and groups are user-specified, and the item that the

task is assigned to does not need to be part of the selected maintenance group(s).

The types of scheduled tasks include:

* Inspection tasks

¢ Preventive maintenance tasks
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On condition tasks

Item and System Ages

It is important to keep in mind that the system and each component of the system maintain separate clocks within the

simulation. When setting intervals to perform a scheduled task, the intervals can be based on either type of clock.

Specifically:

Item age refers to the accumulated age of the block, which gets adjusted each time the block is repaired (i.e.,
restored). If the block is repaired at least once during the simulation, this will be different from the elapsed
simulation time. For example, if the restoration factor is 1 (i.e., “as good as new”) and the assigned interval is 100
days based on item age, then the task will be scheduled to be performed for the first time at 100 days of elapsed
simulation time. However, if the block fails at 85 days and it takes 5 days to complete the repair, then the block
will be fully restored at 90 days and its accumulated age will be reset to O at that point. Therefore, if another
failure does not occur in the meantime, the task will be performed for the first time 100 days later at 190 days of

elapsed simulation time.

perating iZM Operating F
|I:I T T T T T T T BII:I gl:l T T T T T T T T T lgl:l 1

Calendar time refers to the elapsed simulation time. If the assigned interval is 100 days based on calendar time,
then the task will be performed for the first time at 100 days of elapsed simulation time, for the second time at
200 days of elapsed simulation time and so on, regardless of whether the block fails and gets repaired correctively

between those times.

Operaking M PM Cperaking P
IEI T T T T T T T T ‘gll:I IIEH:I T T T T T T T T T 2|:":| 1

Inspection Tasks

Like all scheduled tasks, inspections can be performed based on a time interval or upon certain events. Inspections

can be specified to bring the item or system down or not.

Preventive Maintenance Tasks

The figure below shows the options available in a preventive maintenance (PM) task within BlockSim. PMs can be

performed based on a time interval or upon certain events. Because PM tasks always bring the item down, one can

also specify whether preventive maintenance will be performed if the task brings the system down.
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Task Name Task Class

[Default] Preventive o

Task Properties
[ % Task Scheduling

When is this task performed? Fixed time frame based on the calendar time =

Fixed interval
Intervals
Unit

[ override task scheduling propertic| This task is performed at certain intervals
[l £ Basic Task Properties Interval Type Fixed i

Task durati -
la Task duration _I Based on the item's age

=& Crew for task ~) Based on the calendar time

No crews are selected.

[i=| Spare Part Pool
4 p=d oK Cancel

= f#I Task Consequences

Does this task bring the system
down?

Does this task bring the item
down?

If bringing the item down causes -

&

Yes

Created By: Dingzhou Cao
Modified By:

A SYNTHESIS

OK Cancel

Creating new scheduled task

On Condition Tasks

On condition maintenance relies on the capability to detect failures before they happen so that preventive
maintenance can be initiated. If, during an inspection, maintenance personnel can find evidence that the equipment is
approaching the end of its life, then it may be possible to delay the failure, prevent it from happening or replace the
equipment at the earliest convenience rather then allowing the failure to occur and possibly cause severe
consequences. In BlockSim, on condition tasks consist of an inspection task that triggers a preventive task when an

impending failure is detected during inspection.

Failure Detection

Inspection tasks can be used to check for indications of an approaching failure. BlockSim models such indications of
when an approaching failure will become detectable upon inspection using Failure Detection Threshold and P-F
Interval. Failure detection threshold allows the user to enter a number between O and 1 indicating the percentage of
an item's life that must elapse before an approaching failure can be detected. For instance, if the failure detection
threshold value is set as 0.8 then this means that the failure of a component can be detected only during the last 20%
of its life. If an inspection occurs during this time, an approaching failure is detected and the inspection triggers a
preventive maintenance task to take the necessary precautions to delay the failure by either repairing or replacing the

component.

The P-F interval allows the user to enter the amount of time before the failure of a component when the approaching
failure can be detected by an inspection. The P-F interval represents the warning period that spans from P(when a
potential failure can be detected) to F(when the failure occurs). If a P-F interval is set as 200 hours, then the
approaching failure of the component can only be detected at 200 hours before the failure of the component. Thus, if

a component has a fixed life of 1,000 hours and the P-F interval is set to 200 hours, then if an inspection occurs at or
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beyond 800 hours, then the approaching failure of the component that is to occur at 1,000 hours is detected by this

inspection and a preventive maintenance task is triggered to take action against this failure.

Rules for On Condition Tasks

An inspection that finds a block at or beyond the failure detection threshold or within the range of the P-F interval

will trigger the associated preventive task as long as preventive maintenance can be performed on that block.

If a non-downing inspection triggers a preventive maintenance action because the failure detection threshold or
P-F interval range was reached, no other maintenance task will be performed between the inspection and the
triggered preventive task; tasks that would otherwise have happened at that time due to system age, system down

or group maintenance will be ignored.

A preventive task that would have been triggered by a non-downing inspection will not happen if the block fails

during the inspection, as corrective maintenance will take place instead.

If a failure will occur within the failure detection threshold or P-F interval set for the inspection, but the
preventive task is only supposed to be performed when the system is down, the simulation waits until the

requirements of the preventive task are met to perform the preventive maintenance.

If the on condition inspection triggers the preventive maintenance part of the task, the simulation assumes that the
maintenance crew will forego any routine servicing associated with the inspection part of the task. In other words,
the restoration will come from the preventive maintenance, so any restoration factor defined for the inspection

will be ignored in these circumstances.

Example Using P-F Interval

To illustrate the use of the P-F interval in BlockSim, consider a component Athat fails every 700 fit. The

corrective maintenance on this equipment takes 100 fto complete, while the preventive maintenance takes 50 ttito

complete. Both the corrective and preventive maintenance actions have a type II restoration factor of 1. Inspection

tasks of 10 fuduration are performed on the component every 300 1. There is no restoration of the component

during the inspections. The P-F interval for this component is 100 Z.

The component behavior from 0 to 2000 fis shown in the figure below and described next.

1. At 300 tuthe first scheduled inspection of 10 Luduration occurs. At this time the age of the component is
300 t1t. This inspection does not lie in the P-F interval of 100 L2(which begins at the age of 600 ftand
ends at the age of 700 £ut). Thus, no approaching failure is detected during this inspection.

2. At 600 futhe second scheduled inspection of 10 f2tduration occurs. At this time the age of the component
is 590 t1(no age is accumulated during the first inspection from 300 tu to 310 ttas the component does
not operate during this inspection). Again this inspection does not lie in the P-F interval. Thus, no
approaching failure is detected during this inspection.

3. At 720 futhe component fails after having accumulated an age of 700 f1t. A corrective maintenance task
of 100 ttduration occurs to restore the component to as-good-as-new condition.

4. At 900 Tuthe third scheduled inspection occurs. At this time the age of the component is 80 1¢. This
inspection does not lie in the P-F interval (from age 600 Luto 700 Lu). Thus, no approaching failure is
detected during this inspection.

5. At 1200 tuthe fourth scheduled inspection occurs. At this time the age of the component is 370 {1
Again, this inspection does not lie in the P-F interval and no approaching failure is detected.

6. At 1500 tuithe fifth scheduled inspection occurs. At this time the age of the component is 660 L1, which
lies in the P-F interval. As a result, an approaching failure is detected and the inspection triggers a
preventive maintenance task. A preventive maintenance task of 50 tutduration occurs at 1510 tito restore

the component to as-good-as-new condition.




Repairable Systems Analysis Through Simulation 167

7. At 1800 Luthe sixth scheduled inspection occurs. At this time the age of the component is 240 t1t. This
inspection does not lie in the P-F interval (from age 600 tu to 700 1) and no approaching failure is

detected.
Block Up/Down
State
Operating Time
— Time Under Repair
Companent & 300 600 720 (900 1200 1500 1B

0000 400,000 S00.000 1200000 1600000 2000.000

Tirmne, (1}

Rules for PMs and Inspections

All the options available in the Maintenance task window were designed to maximize the modeling flexibility within
BlockSim. However, maximizing the modeling flexibility introduces issues that you need to be aware of and requires
you to carefully select options in order to assure that the selections do not contradict one another. One obvious case
would be to define a PM action on a component in series (which will always bring the system down) and then assign
a PM policy to the block that has the Do not perform maintenance if the action brings the system down option set.
With these settings, no PMs will ever be performed on the component during the BlockSim simulation. The
following sections summarize some issues and special cases to consider when defining maintenance properties in

BlockSim.

1. Inspections do not consume spare parts. However, an inspection can have a renewal effect on the
component if the restoration factor is set to a number other than the default of 0.

2. On the inspection tab, if Inspection brings system down is selected, this also implies that the inspection
brings the item down.

3. If a PM or an inspection are scheduled based on the item's age, then they will occur exactly when the item
reaches that age. However, it is important to note that failed items do not age. Thus, if an item fails before it
reaches that age, the action will not be performed. This means that if the item fails before the scheduled
inspection (based on item age) and the CM is set to be performed upon inspection, the CM will never take
place. The reason that this option is allowed in BlockSim is for the flexibility of specifying renewing

inspections.
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4. Downtime due to a failure discovered during a non-downing inspection is included when computing results
"w/o PM, OC & Inspections."

5. If a PM upon item age is scheduled and is not performed because it brings the system down (based on the
option in the PM task) the PM will not happen unless the item reaches that age again (after restoration by
CM, inspection or another type of PM).

6. If the CM task is upon inspection and a failed component is scheduled for PM prior to the inspection, the
PM action will restore the component and the CM will not take place.

7. In the case of simultaneous events, only one event is executed (except the case in maintenance phase, in
maintenance phase, all simultaneous events in maintenance phase are executed in a order). The following
precedence order is used: 1). Tasks based on intervals or upon start of a maintenance phase; 2). Tasks based
on events in a maintenance group, where the triggering event applies to a block; 3). Tasks based on system
down; 4). Tasked on events in a maintenance group, where the triggering event applies to a subdiagram.
Within these categories, order is determined according to the priorities specified in the URD (i.e., the higher
the task in on the list, the higher the priority).

8. The PM option of Do not perform if it brings the system down is only considered at the time that the PM
needs to be initiated. If the system is down at that time, due to another item, then the PM will be performed
regardless of any future consequences to the system up state. In other words, when the other item is fixed, it
is possible that the system will remain down due to this PM action. In this case, the PM time difference is
added to the system PM downtime.

9. Downing events cannot overlap. If a component is down due to a PM and another PM is suggested based
on another trigger, the second call is ignored.

10. A non-downing inspection with a restoration factor restores the block based on the age of the block at the
beginning of the inspection (i.e., duration is not restored).

11. Non-downing events can overlap with downing events. If in a non-downing inspection and a downing
event happen concurrently, the non-downing event will be managed in parallel with the downing event.

12. If a failure or PM occurs during a non-downing inspection and the CM or PM has a restoration factor and
the inspection action has a restoration factor, then both restoration factors are used (compounded).

13. A PM or inspection on system down is triggered only if the system was up at the time that the event
brought the system down.

14. A non-downing inspection with restoration factor of 0 does not affect the block.

Example

To illustrate the use of maintenance policies in BlockSim we will use the same example from Example Using Both

Crews and Pools with the following modifications (The figures below also show these settings):
Blocks A and D:

1. Belong to the same group (Group 1).

2. Corrective maintenance actions are upon inspection (not upon failure) and the inspections are performed every 30
hours, based on system time. Inspections have a duration of 1 hour. Furthermore, unlimited free crews are
available to perform the inspections.

3. Whenever either item get CM, the other one gets a PM.

4. The PM has a fixed duration of 10 hours.

5. The same crews are used for both corrective and preventive maintenance actions.
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System Overview

The item and system behavior from 0 to 300 hours is shown in the figure below and described next.

Block Up/Down
163 State
F 221 Operatin
cret l_——l 241 —_ Uf:ser Ilfte?:&air
e 21 Waiting for
121 Repair
D crew] 150 hyan C'u'u'aiting feur
136 reww
— Waiting for
C 162 Spare Parts
crew ) 181 [201
177
161
B L'rr".l.'.ﬂ.l 181 |2|[:|'|
171
A 100 _
l:rlew.l'l.ll 12u|41 zg-ﬁl
1201 131
System
100] 160] hs3 |201 298]

0.000 0000 120,000 180,000 240,000 300.000

Time, (t)

1. At 100, block Agoes down and brings the system down.
a) No maintenance action is performed since an upon inspection policy was used.

b) The next scheduled inspection is at 120, thus Crew Ais called to perform the maintenance by

121 (end of the inspection).
2. Crew Aarrives and initiates the repair on Aat 131.
a) The only part in the pool is used and an on-condition restock is triggered.
b) Pool [on-hand = 0, pending: 150 %, 181].
¢) Block Ais repaired by 141.
3. At the same time (121), a PM is initiated for block [)because the PM task called for "PM upon the

start of corrective maintenance on another group item."
a) Crew Bis called for block Dand arrives at 136.
b) No part is available until 150. An on-condition restock is triggered for 181.
¢) Pool [on-hand = 0, pending: 150 #, 181, 181].
d) At 150, a part becomes available and the PM is completed by 160.
e) Pool [on-hand = 0, pending: 181, 181].
4. At 161, block Bfails (corrective maintenance upon failure).
a) Block Bgets Crew A, which arrives at 171.

b) No part is available until 181. An on-condition restock is triggered for 221.
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¢) Pool [on-hand = 0, pending: 181, 181, 221].
d) A part arrives at 181.
e) The repair is completed by 201.
f) Pool [on-hand = 0, pending: 181, 221].
5. At 162, block C'fails.
a) Block C'gets Crew B, which arrives at 177.
b) No part is available until 181. An on-condition restock is triggered for 222.
¢) Pool [on-hand = 0, pending: 181, 221, 222].
d) A part arrives at 181.
e) The repair is completed by 201.
f) Pool [on-hand = 0, pending: 221, 222].
6. At 163, block F'fails and brings the system down.
a) Block Fcalls Crew Athen B. Both are busy.
b) Crew Awill be the first available so .. calls Aagain and waits.
¢) No part is available until 221. An on-condition restock is triggered for 223.
d) Pool [on-hand = 0, pending: 221, 222, 223].
e) Crew Aarrives at 211.
f) Repair begins at 221.
g) Repair is completed by 241.
h) Pool [on-hand = 0, pending: 222, 223].
7. At 298, block Agoes down and brings the system down.

System Uptimes/Downtimes
1. Uptime: This is 200 hours.

a) This can be obtained by observing the following system up durations: 0 to 100, 160 to 163 and
201 to 298.

2. CM Downtime: This is 58 hours.

a) Observe that even though the system failed at 100, the CM action (on block A) was initiated at
121 and lasted until 141, thus only 20 hours of this downtime are attributed to the CM action.

b) The next CM action started at 163 when block F'failed and lasted until 201 when blocks 5B
and C'were restored, thus adding another 38 hours of CM downtime.

3. Inspection Downtime: This is 1 hour.

a) The only time the system was under inspection was from 120 to 121, during the inspection of
block A.

4. PM Downtime: This is 19 hours.
a) Note that the entire PM action duration on block D'was from 121 to 160.

b) Until 141, and from the system perspective, the CM on block .Awas the cause for the downing.
Once block Awas restored (at 141), then the reason for the system being down became the PM
on block .

¢) Thus, the PM on block [)was only responsible for the downtime after block .Awas restored, or
from 141 to 160.
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5. OC Downtime: This is 0. There is not on condition task in this example.

6. Total Downtime: This is 100 hours.

a) This includes all of the above downtimes plus the 20 hours (100 to 120) and the 2 hours (298 to

300) that the system was down due the undiscovered failure of block .A.
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System Overview

examples.6.8

System Metrics
1. Mean Availability (All Events):

300 — 100
=00 0.6667

2. Mean Availability (w/o PM & Inspection):

a) This is due to the CM downtime of 58, the undiscovered downtime of 22 and the inspection

downtime of 1, or:

300 — (58 +22+ 1)

300 =0.7333

b) It should be noted that the inspection downtime was included even though the definition was

"w/o PM & Inspection." The reason for this is that the inspection did not cause the downtime in

this case. Only downtimes caused by the PM or inspections are excluded.

3. Point Availability and Reliability at 300 is zero because the system was down at 300.

4. Expected Number of Failures is 3.
a) The system failed at 100, 163 and 298.

5. The standard deviation of the number of failures is 0.

6. The MTTFF is 100 because the example is deterministic.
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The System Downing Events

1. Number of Failures is 3.

a) The first is the failure of block A, the second is the failure of block F'and the third is the
failure of block A.

2. Number of CMs is 2.

a) The first is the CM on block .Aand the second is the CM on block F.
3. Number of Inspections is 1.
4. Number of PMs is 1.

5. Total Events are 6. These are events that the downtime can be attributed to. Specifically, the
following events were observed:

a) The failure of block Aat 100.

b) Inspection on block Aat 120.

¢) The CM action on block A.

d) The PM action on block D(after .Awas fixed).
e) The failure of block Fat 163.

f) The failure of block Aat 298.

Block Details

The details for blocks -‘1, B 3 C, Dand Fare shown below.

Detailed Block Information

A
General Information
Number of Downing Events: 4 1 1 1 1
Number of SD Evenits: 4 0 0 1 1
Number of Failures: 2 1 1 0 1
Number of SD Failures: 2 0 0 0 1
Mean Availability (All Events):| 0.8567 | 0.8667 0.87 0.87 0.74
Mean Awailability {w/o PM & Inspection):| 0.8567 | 0.8667 0.87 1 0.74
Block Uptime:[ 257 260 261 261 222
Block Downtime: 43 40 39 39 78
Metrics
RS@: 66.67% 0.00% 0.00% 16.67% | 16.67%
MTBDE:| 64.25 260 261 261 222
RSFCl:| 66.67% | 0.00% 0.00% 0.00% | 33.33%
_ MTBF:| 1285 260 261 ? 222
Mean Downtime per Event:| 10.75 40 39 39 78
CM Actions
Number of Chis: 1 1 1 0 1
CM Downtime: 20 40 39 0 78
Inspections
Number of Inspections: 9 0 0 8 0
Inspection Downtime: 1 0 0 0 0
PM Actions
Number of Pis: 0 0 0 1 0
PM Downtime: 0 0 0 39 0

We will discuss some of these results. First note that there are four downing events on block A initial failure,

inspection and CM, plus the last failure at 298. All others have just one. Also, block Ahad a total downtime of
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41 4 2, giving it a mean availability of 0.8567. The first time-to-failure for block .Aoccurred at 100 while the second occurred

after 298 — 141 = 157hours of operation, yielding an average time between failures (MTBF) of 257/2 = 128.5, (Note tt
uptime/failures.) Block Dhever failed, so its MTBF cannot be determined. Furthermore, MTBDE for each item is

determined by dividing the block's uptime by the number of events. The RS FCI and RS DECI metrics are obtained

by looking at the SD Failures and SD Events of the item and the number of system failures and events. Specifically,

the only items that caused system failure are blocks Aand F’; Aat 100 and 298 and Fat 163. It is important to note that even
though one could argue that block Falone did not cause the failure ( Band C'were also failed), the downing was attributed

to F'because the system reached a failed state only when block F'failed.

On the number of inspections, which were scheduled every 30 hours, nine occurred for block A[30, 60, 90, 120,
150, 180, 210, 240, 270] and eight for block ). Block I)did not get inspected at 150 because block Dwas

undergoing a PM action at that time.

Crew Details

The figure below shows the crew results.

Crew Detail A B
Call Summary
Calls Received: 6 3
Accepted Calls: 3 2
Percent Accepted: | 50.00% | 66.67%
Rejected Calls: 3 1
Percent Rejected: | 50.00% | 33.33%
Utilization
Total Utilization: 100 78
Average Call Duration: | 33.3333 39
Total Wait Time: 38 0
Costs
Total Crew Costs: 130 196
Average Cost per Call: | 43.3333 98

Crew Areceived a total of six calls and accepted three. Specifically,

1. At 121, the crew was called by block Aand the call was accepted.

2. At 121, block Dalso called for its PM action and was rejected. Block Dhthen called crew B, which
accepted the call.

3. At 161, block Becalled crew A. Crew _-1accepted.

4. At 162, block C'called crew A. Crew Arejected and block C'called crew B, which accepted the call.

5. At 163, block F'called crew .Aand then crew Band both rejected. Block F'then waited until a crew

became available at 201 and called that crew again. This was crew -4, which accepted.

The total wait time is the time that blocks had to wait for the maintenance crew. Block F'is the only component that
waited, waiting 38 hours for crew A,
Also, the costs for crew “Awere 1 per unit time and 10 per incident, thus the total costs were 100 + 30. The costs for

Crew Bwere 2 per unit time and 20 per incident, thus the total costs were 156 + 40.
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Pool Details

The figure below shows the spare part pool results.

Pool Details
Pool: Pool 1

Dispense

Parts Dispensed: 5
Total Time to Dispense: 126
Average Time to Dispense: 25.2
Rejected & Emergency

Number of Emergency Requests: 0
Reject Part Requests: 0
Restock Details
Initial Stock Level: 1
Items Restocked: 6
Average Stock Level: | 0.6667
Current Number on Hand: 2
Pool Costs
Total Pool Costs: 0
Indirect Pool Costs: 0

Direct Pool Costs: 0
Pool Costs per Item

Total Cost per Item: 0
Indirect Cost per Item: 0
Direct Cost per Item: 0

The pool started with a stock level of 1 and ended up with 2. Specifically,

A

7.

Overall,

At 121, the pool dispensed a part to block Aand ordered another to arrive at 181.
At 121, it dispensed a part to block [)and ordered another to arrive at 181.

At 150, a scheduled part arrived to restock the pool.

At 161 the pool dispensed a part to block Sand ordered another to arrive at 221.
At 181, it dispensed a part to block C'and ordered another to arrive at 222.

At 221, it dispensed a part to block F’and ordered another to arrive at 223.

The 222 and 223 arrivals remained in stock until the end of the simulation.

five parts were dispensed. Blocks had to wait a total of 126 hours to receive parts (B: 181-161=20, C:

181-162=19, D: 150-121=29 and F: 221-163=58).
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Subdiagrams and Multi Blocks in Simulation

Any subdiagrams and multi blocks that may be present in the BlockSim RBD are expanded and/or merged into a

single diagram before the system is simulated. As an example, consider the system shown in the figure below.

Block Block
0 1

B

Block
2

Block

3

Block
4

C

Block
3

Block
7

Block
8

Bloc
5

Node
2outof3

BlockSim will internally merge the system into a single diagram before the simulation, as shown in the figure below.

This means that all the failure and repair properties of the items in the subdiagrams are also considered.
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In the case of multi blocks, the blocks are also fully expanded before simulation. This means that unlike the
analytical solution, the execution speed (and memory requirements) for a multi block representing ten blocks in
series is identical to the representation of ten individual blocks in series.

Containers in Simulation

Standby Containers

When you simulate a diagram that contains a standby container, the container acts as the switch mechanism (as
shown below) in addition to defining the standby relationships and the number of active units that are required. The
container's failure and repair properties are really that of the switch itself. The switch can fail with a distribution,
while waiting to switch or during the switch action. Repair properties restore the switch regardless of how the switch
failed. Failure of the switch itself does not bring the container down because the switch is not really needed unless
called upon to switch. The container will go down if the units within the container fail or the switch is failed when a
switch action is needed. The restoration time for this is based on the repair distributions of the contained units and
the switch. Furthermore, the container is down during a switch process that has a delay.
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To better illustrate this, consider the following deterministic case.

1. Units Aand Bare contained in a standby container.

2. The standby container is the only item in the diagram, thus failure of the container is the same as failure of
the system.

. Ais the active unit and Bis the standby unit.

. Unit Afails every 100 Zu(active) and takes 10 tto repair.

. Dfails every 3 Tu(active) and also takes 10 tuito repair.

. The units cannot fail while in quiescent (standby) mode.

N N R W

. Furthermore, assume that the container (acting as the switch) fails every 30 {uwhile waiting to switch and
takes 4 Ltto repair. If not failed, the container switches with 100% probability.
8. The switch action takes 7 t1ito complete.

Nel

. After repair, unit Ais always reactivated.
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10. The container does not operate through system failure and thus the components do not either.

Keep in mind that we are looking at two events on the container. The container down and container switch down.

The system event log is shown in the figure below and is as follows:

1. At 30, the switch fails and gets repaired by 34. The container switch is failed and being repaired; however,

AN A W N

8.
9.

10.
11.
12.

13.
14.
15.
16.

Block Up/Down
Contai Switch 30 6L 98 146 150 214 262 296
Ontainer_swite 14 “58 ”mz ”150 U184 ”213 ”155 ”3.34:'
Container 100 109 117 217 227
10 10 L!Il'lﬂd
227
B L|13?
A Iﬂljl_l]]ﬂ 21?L|
217
System I_“_I I_"_l
0.000 60.000 120,000 180.000 240,000  300.000
Time, (t)

the container is up during this time.

. At 64, the switch fails and gets repaired by 68. The container is up during this time.

. At 98, the switch fails. It will be repaired by 102.

. At 100, unit Afails. Unit rlattempts to activate the switch to go to B however, the switch is failed.
. At 102, the switch is operational.

. From 102 to 109, the switch is in the process of switching from unit Ato unit 3. The container and

system are down from 100 to 109.

. By 110, unit Ais fixed and the system is switched back to “Afrom . The return switch action brings the

container down for 7 ¥, from 110 to 117. During this time, note that unit Bhas only functioned for 1 tu,
109 to 110.
At 146, the switch fails and gets repaired by 150. The container is up during this time.
At 180, the switch fails and gets repaired by 184. The container is up during this time.

At 214, the switch fails and gets repaired by 218.

At 217, unit Afails. The switch is failed at this time.

At 218, the switch is operational and the system is switched to unit Bwithin 7 2. The container is down
from 218 to 225.

At 225, unit Btakes over. After 2 tttof operation at 227, unit Bfails. It will be restored by 237.

At 227, unit Ais repaired and the switchback action to unit .Ais initiated. By 234, the system is up.

At 262, the switch fails and gets repaired by 266. The container is up during this time.

At 296, the switch fails and gets repaired by 300. The container is up during this time.
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The system results are shown in the figure below and discussed next.
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1. System CM Downtime is 24.

a) CM downtime includes all downtime due to failures as well as the delay in switching from a
failed active unit to a standby unit. It does not include the switchback time from the standby to the
restored active unit. Thus, the times from 100 to 109, 217 to 225 and 227 to 234 are included. The

time to switchback, 110 to 117, is not included.
2. System Total Downtime is 31.

a) It includes the CM downtime and the switchback downtime.
3. Number of System Failures is 3.

a) It includes the failures at 100, 217 and 227.

b) This is the same as the number of CM downing events.
4. The Total Downing Events are 4.

a) This includes the switchback downing event at 110.

5. The Mean Availability (w/o PM and Inspection) does not include the downtime due to the switchback

event.
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Additional Rules and Assumptions for Standby Containers

1) A container will only attempt to switch if there is an available non-failed item to switch to. If there is
no such item, it will then switch if and when an item becomes available. The switch will cancel the

action if it gets restored before an item becomes available.

a) As an example, consider the case of unit Afailing active while unit Bfailed in a quiescent
mode. If unit Sgets restored before unit ., then the switch will be initiated. If unit .Ais restored
before unit B, the switch action will not occur.
2) In cases where not all active units are required, a switch will only occur if the failed combination
causes the container to fail.
a) For example, if 1, Band C'are in a container for which one unit is required to be operating
and Aand Bare active with C'on standby, then the failure of either Aor Bwill not cause a
switching action. The container will switch to C'only if both .dand Bare failed.
3) If the container switch is failed and a switching action is required, the switching action will occur
after the switch has been restored if it is still required (i.e., if the active unit is still failed).
4) If a switch fails during the delay time of the switching action based on the reliability distribution
(quiescent failure mode), the action is still carried out unless a failure based on the switch
probability/restarts occurs when attempting to switch.
5) During switching events, the change from the operating to quiescent distribution (and vice versa)
occurs at the end of the delay time.
6) The option of whether components operate while the system is down is defined at component level
now (This is different from BlockSim 7, in which this option of the contained items inherit from
container). Two rules here:
a) If a path inside the container is down, blocks inside the container that are in that path do not

continue to operate.
b) Blocks that are up do not continue to operate while the container is down.

7) A switch can have a repair distribution and maintenance properties without having a reliability

distribution.

a) This is because maintenance actions are performed regardless of whether the switch failed
while waiting to switch (reliability distribution) or during the actual switching process (fixed

probability).
8) A switch fails during switching when the restarts are exhausted.

9) A restart is executed every time the switch fails to switch (based on its fixed probability of

switching).
10) If a delay is specified, restarts happen after the delay.

11) If a container brings the system down, the container is responsible for the system going down (not

the blocks inside the container).
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Load Sharing Containers

When you simulate a diagram that contains a load sharing container, the container defines the load that is shared. A
load sharing container has no failure or repair distributions. The container itself is considered failed if all the blocks

inside the container have failed (or kblocks in a k-out-of- Tconfiguration).
To illustrate this, consider the following container with items .Aand Bin a load sharing redundancy.

Assume that Afails every 100 {uand Bevery 120 tuif both items are operating and they fail in half that time if

either is operating alone (i.e., the items age twice as fast when operating alone). They both get repaired in 5 £t

Block Up/Down
Container
B 115 235
Uuu Uzau
A 100 200
L|105 L|205
System

0.000 60.000 120,000 180,000 240,000 300.000
Time, (t)

The system event log is shown in the figure above and is as follows:
1. At 100, Afails. Tt takes 5 ttito restore A.
2. From 100 to 105, Bis operating alone and is experiencing a higher load.
3. At 115, Bfails. would normally be expected to fail at 120, however:
a) From 0 to 100, it accumulated the equivalent of 100 tof damage.

b) From 100 to 105, it accumulated 10 Tuof damage, which is twice the damage since it was

operating alone. Put another way, Baged by 10 t¢over a period of 5 .
¢) At 105, Ais restored but Bhas only 10 ttof life remaining at this point.
d) Bfails at 115.

4. At 120, Bis repaired.

5. At 200, Afails again. Awould normally be expected to fail at 205; however, the failure of Bat 115
to 120 added additional damage to . In other words, the age of Aat 115 was 10; by 120 it was 20.
Thus it reached an age of 100 95 flater at 200.

6. Ais restored by 205.

7. At 235, Bfails. Bwould normally be expected to fail at 240; however, the failure of Aat 200 caused
the reduction.

a) At 200, Bhad an age of 80.
b) By 205, Bhad an age of 90.
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¢) Bfails 30 tulater at 235.

8. The system itself never failed.

Additional Rules and Assumptions for Load Sharing Containers

1. The option of whether components operate while the system is down is defined at component level
now (This is different from BlockSim 7, in which this option of the contained items inherit from

container). Two rules here:

a) If a path inside the container is down, blocks inside the container that are in that path do not

continue to operate.

b) Blocks that are up do not continue to operate while the container is down.

2. If a container brings the system down, the block that brought the container down is responsible for the

system going down. (This is the opposite of standby containers.)

State Change Triggers

Consider a case where you have two generators, and one (A) is primary while the other (B) is standby. If A fails, you
will turn B on. When A is repaired, it then becomes the standby. State change triggers (SCT) allow you to simulate

this case. You can specify events that will activate and/or deactivate the block during simulation. The figure below

shows the options for state change triggers in the Block Properties window.

Properties
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)— Block name A
L Block description
1% Operation
% Supplemental Costs
= {& Maintenance Group
é Belongs to a maintenance group
| Maintenance Group A
[ € State Change Triggers
é Enable state change triggers (5CT)
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# i Throughput
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Universal Reliability Definition (URD)

=R URD A URD
(g Model -Reliability A Model_17 [NOR (10.0000,
(Hr) 1.0000E-17)]

']‘af Corrective Task  Corrective Task
& Scheduled Tasks

|—N0 scheduled maintenance tasks are selected.
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P {5 1dentifiers

Editing block properties
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%t Hierarchy {4 Filtered
Active Block |A _:_l _ Style | _jJr_ _:Hl_ __Hr_ @,r |y | oK | | Cancel

Once you have enabled state change triggers for a block, there are several options.

+ Initial state allows you to specify the initial state for the block, either ON or OFF.

» State upon repair allows you to specify the state of the block after its repair. There are four choices: Always ON,
Always OFF, Default ON unless SCT Overridden and Default OFF unless SCT Overridden. In the Assumptions
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sections, we will explain what these choices mean and illustrate them using an example.
¢ Add a state change trigger allows you to add a state change trigger to the block.

The state change trigger can either activate or deactivate the block when items in specified maintenance groups go
down or are restored. To define the state change trigger, specify the triggering event (i.e., an item goes down or an
item is restored), the state change (i.e., the block is activated or deactivated) and the maintenance group(s) in which
the triggering event must happen in order to trigger the state change. Note that the current block does not need to be

part of the specified maintenance group(s) to use this functionality.

The State Change Trigger window is shown in the figure below:

= Acld State Change Trigger

Trigger Maintenance Groups + 23w
If anvy ikern from these associaked Mainkenance 1
maintenance groupss) Maintenance 2
Is Restored R
then
y Ceactivate e
this block,
"
1
- Ok Zancel
=
Assumptions

* A block cannot trigger events on itself. For example, if Block 1 is the only block that belongs to MG 1 and Block
1 is set to be turned ON or OFF based on MG 1, this trigger is ignored.

* OFF events cannot trigger other events. This means that things cannot be turned OFF in cascade. For example, if
Block 1 going down turns OFF Block 2 and Block 2 going down turns OFF Block 3, a failure by Block 1 will not
turn OFF Block 3. Block 3 would have to be directly associated with downing events of Block 1 for this to
happen. The reason for this restriction is that allowing OFF events to trigger other events can cause circular
reference problems. For example, four blocks A, B, C and D are in parallel. Block A belongs to MG A and
initially it is ON. Block B belongs to MG B and its initial status is also ON. Block C belongs to MG C and its
initial status is OFF. Block D belongs to MG D and its initial status is ON. A failure of Block A will turn OFF
Block B. Then Block B will turn Block C ON and finally C will turn OFF Block D. However, if an OFF event for
Block D will turn Block B ON, and an ON event for Block B will turn Block C OFF, and an OFF event for Block
C will turn Block D ON, then there is a circular reference problem.

* Upon restoration states:

* Always ON: Upon restoration, the block will always be on.

* Always OFF: Upon restoration, the block will always be off.

e Default ON unless SCT overridden: Upon restoration, the block will be on unless a request is made to turn this
block off while the block is down and the request is still applicable at the time of restoration. For example,
assume Block A's state upon repair is ON unless SCT overridden. If a failure of Block B triggers a request to
turn Block A off but Block A is down, when the maintenance for Block A is completed, Block A will be
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turned off if Block B is still down.
e Default off unless SCT overridden: Upon restoration, the block will be off unless a request is made to turn this
block on while the block is down and the request is still applicable at the time of restoration

* Maintenance while block is off: Maintenance tasks will be performed. At the end of the maintenance, "upon
restoration" rules will be checked to determine the state of the block.

* Assumptions for phases: The state of a block (on/off) will be determined at the beginning of each phase based on
the "Initial state" setting of the block for that phase.

» If there are multiple triggering requests put on a block when it is down, only the latest one is considered. The
latest request will cancel all requests before it. For example, Block A fails at 20 and is down until 70. Block B
fails at 30 and Block C fails at 40. Block A has state change triggers enabled such that it will be activated when
Block B fails and it will be deactivated when Block C fails. Thus from 20 to 70, at 30, Block B will put a request
on Block A to turn it ON and at 40, Block C will put another request to turn it OFF. In this case, according to our
assumption, the request from Block C at 40 will cancel the request from Block B at 30. In the end, only the
request from Block C will be considered. Thus, Block A will be turned OFF at 70 when it is done with repair.

Example: Using SCT for Standby Rotation

This example illustrates the use of state change triggers in BlockSim (Version 8 and above) by using a simple
standby configuration. Note that this example could also be done using the standby container functionality in
BlockSim.

More specifically, the following settings are illustrated:

1. State Upon Repair: Default OFF unless SCT overridden

2. Activate a block if any item from these associated maintenance group(s) goes down
Problem Statement

Assume three devices A, B and C in a standby redundancy (or only one unit is needed for system operation). The
system begins with device A working. When device A fails, B is turned on and repair actions are initiated on A.
When B fails, C is turned on and so forth.

BlockSim Solution

The BlockSim model of this system is shown in the figure below.

Start B End

C

¢ The failure distributions of all three blocks follow a Weibull distribution with Beta = 1.5 and Eta = 1,000 hours.
* The repair distributions of the three blocks follow a Weibull distribution with Beta = 1.5 and Eta = 100 hours.

* After repair, the blocks are "as good as new."
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There are three maintenance groups, 2_A, 2_B and 2_C, set as follows:
* Block A belongs to maintenance group 2_A.
* It has a state change trigger.

* The initial state is ON and the state upon repair is "Default OFF unless SCT overridden."
e If any item from maintenance group 2_C goes down, then activate this block.

* Block B belongs to maintenance group 2_B.
e It has a state change trigger.

* The initial state is OFF and the state upon repair is "Default OFF unless SCT overridden."
* If any item from maintenance group 2_A goes down, then activate this block.

* Block C belongs to maintenance group 2_C.
* It has a state change trigger.

* The initial state is OFF and the state upon repair is "Default OFF unless SCT overridden."
e If any item from maintenance group 2_B goes down, then activate this block.

e All blocks A, B and C are as good as new after repair.
System Events

The system event log for a single run through the simulation algorithm is shown in the Block Up/Down plot below,
and is as follows:

1. At 73 hours, Block A fails and activates Block B.

2. At 183 hours, Block B fails and activates Block C.

3. At 215 hours, Block B is done with repair. At this time, Block C is operating, so according to the settings, Block
B is standby.

4. At 238 hours, Block A is done with repair. At this time, Block C is operating. Thus Block A is standby.

5. At 349 hours, Block C fails and activates Block A.

6. At 396 hours, Block A fails and activates Block B.

7. At 398 hours, Block C is done with repair. At this time, Block B is operating. Thus Block C is standby.

8. At 432 hours, Block A is done with repair. At this time, Block B is operating. Thus Block A is standby.

9. At 506 hours, Block B fails and activates Block C.

10. At 515 hours, Block B is done with repair and stays standby because Block C is operating.

11. At 536 hours, Block C fails and activates Block A.

12. At 560 hours, Block A fails and activates Block B.

13. At 575 hours, Block B fails and makes a request to activate Block C. However, Block C is under repair at the
time. Thus when Block C is done with repair at 606 hours, the OFF setting is overridden and it is operating
immediately.

14. At 661 hours, Block C fails and makes a request to activate Block A. However, Block A is under repair at the
time. Thus when Block A is done with repair at 699 hours, the OFF setting is overridden and it is operating
immediately.

15. Block B and Block C are done with repair at 682 hours and at 746 hours respectively. However, at these two

time points, Block A is operating. Thus they are both standby upon repair according to the settings.




Repairable Systems Analysis Through Simulation

188

Block Up/Down
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More examples are available for using State Change Triggers (SCTs) in simulation diagrams. See also:
& Using SCT to Analyze Tire Maintenance

& Using SCT to Analyze Standby with Delay

& Using SCT to Model Two Standby Blocks

& SCT: The State Upon Repair Option

& Default OFF Unless SCT Overridden

& Default OFF Unless SCT Overridden

Discussion

Even though the examples and explanations presented here are deterministic, the sequence of events and logic used
to view the system is the same as the one that would be used during simulation. The difference is that the process
would be repeated multiple times during simulation and the results presented would be the average results over the

multiple runs.

Additionally, multiple metrics and results are presented and defined in this chapter. Many of these results can also be
used to obtain additional metrics not explicitly given in BlockSim's Simulation Results Explorer. As an example, to
compute mean availability with inspections but without PMs, the explicit downtimes given for each event could be
used. Furthermore, all of the results given are for operating times starting at zero to a specified end time (although
the components themselves could have been defined with a non-zero starting age). Results for a starting time other
than zero could be obtained by running two simulations and looking at the difference in the detailed results where
applicable. As an example, the difference in uptimes and downtimes can be used to determine availabilities for a

specific time window.
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Chapter 8

Additional Analyses

The Repairable Systems Analysis Through Simulation chapter described the process of using discrete event
simulation to perform basic system reliability, availability and maintainability analyses. This chapter discusses two
additional types of analyses that can be performed with simulation: Throughput Analysis and Life Cycle Cost
Analysis.

Throughput Analysis

In the prior sections, we concentrated on failure and repair actions of a system. In doing so, we viewed the system
from a system/component up/down perspective. One could take this analysis a step further and consider system
throughput as a part of the analysis. To define system throughput, assume that each component in the system
processed (or made) something while operating. As an example, consider the case shown next with two components

in series, each processing/producing 10 and 20 items per unit time (ipu) respectively.

20

In this case, the system configuration is not only the system's reliability-wise configuration but also its
production/processing sequence. In other words, the first component processes/produces 10 ipu and the second
component can process/produce up to 20 ipu. However, a block can only process/produce items it receives from the
blocks before it. Therefore, the second component in this case is only receiving 10 ipu from the block before it. If we
assume that neither component can fail, then the maximum items processed from this configuration would be 10 ipu.
If the system were to operate for 100 time units, then the throughput of this system would be 1000 items, or

(100 - 10),

Throughput Metrics and Terminology

In looking at throughput, one needs to define some terminology and metrics that will describe the behavior of the

system and its components when doing such analyses. Some of the terminology used in BlockSim is given next.

* System Throughput: System throughput is the total amount of items processed/produced by the system over the
defined period of time. In the two-component example, this is 1000items over 100time units.

* Component Throughput: The total amount of items processed or produced by each component (block). In the
two-component example, this is 1000items each.

* Component Maximum Capacity: The maximum number of items that the component (block) could have
processed/produced. This is simply the block's throughput rate multiplied by the run time. In the two-component
example, this is 100 - 10 = 1000for the first component and 100 - 20 = 2000for the second component.

* Component Uptime Capacity: The maximum number of items the component could have processed/produced
while it was up and running. In the two-component example, this is 1000for the first component and 2000for
the second component, since we are assuming that the components cannot fail. If the components could fail, this

number would be the component's uptime multiplied by its throughput rate.
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¢ Component Excess Capacity: The additional amount a component could have processed/produced while up and
running. In the two-component example, this is Ufor the first component and 1000for the second component.

* Component Actual Utilization: The ratio of the component throughput and the component maximum capacity.
In the two-component example, this is 100%for the first component and 50%for the second component.

¢ Component Uptime Utilization: The ratio of the component throughput and the component uptime capacity. In
the two-component example, this is 100%for the first component and 50%for the second component. Note that
if the components had failed and experienced downtime, this number would be different for each component.

* Backlog: Items that the component could not process are kept in a backlog. Depending on the settings, a backlog

may or may not be processed when an opportunity arises. The available backlog metrics include:

e Component Backlog: The amount of a backlog present at the component at the end of the run (simulation).
¢ Component Processed Backlog: The amount of backlog processed by the component.
* Excess Backlog: Under specific settings in BlockSim, components can accept only a limited backlog. In

these cases, a backlog that was rejected is stored in the Excess Backlog category.

Overview of Throughput Analysis

To examine throughput, consider the following scenarios.

Scenario 1

Consider the system shown in the figure below.

Blocks Athrough Iproduce a number of items per unit time as identified next to each letter (e.g., -1: 100 implies
100items per time unit for .4). The connections shown in the RBD show the physical path of the items through the
process (or production line). For the sake of simplicity, also assume that the blocks can never fail and that items are
routed equally to each path.
This then implies that the following occurs over a single time unit:

e Unit Amakes 100 items and routes 33.33 to B, 33.33 to C'and 33.33 to ).

e Inturn, B, C'and Droute their 33.33 to &, F', Gand H (8.33 to each path).

o E F (Gand Hroute 25 each to 1.

« Iprocesses all 100.
* The system produces 100 items.

Thus, the following table would represent the throughput and excess capacity of each block after one time unit.

Run summary for Scenario 1.
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Block Throughput Summar

Block Name (Diagram) | Throughput | Excess Cap

A: 100 100 0

B: 50 33.3333 16.6667
C:50 33.3333 16.6667
D:50 33.3333 16.6667
E: 40 25 15
F:40 25 15
G:40 25 15

H: 40 25 15

l: 200 100 100

Scenario 2

Now consider the figure below where it is assumed that block E'has failed.

Then:

 Unit Amakes 100 items and routes 33.33 to 13, 33.33 to C'and 33.33 to IJ.

+ Inturn, BB, C'and Droute their 33.33 to F', Gand H (11.11 to each path that has an operating block at the
end).

o F (Gand Hroute 33.33 each to {.

« Iprocesses all 100.

* he system produces 100 items.

A summary result table is shown next:

Run summary for Scenario 2.
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Block Throughput Summary

Block Name (Diagram) | Throughput | Excess Cap
A: 100 100 0
B: 50 33.3333 16.6667
C: 50 33.3333 16.6667
D: 50 33.3333 16.6667
E: 40 0 0
F: 40 33.3333 6.6667
G: 40 33.3333 6.6667
H: 40 33.3333 6.6667
l: 200 100 100

Scenario 3

Finally, consider the figure below where both Fland H have failed.

l: 200

Then:

e Unit Amakes 100 items and routes 33.33 to B, 33.33 to C'and 33.33 to [J.

+ Inturn, I3, C'and Droute their 33.33 to F'and G(16.66 to each path that has an operating block at the end).

+ Fland Giget 50 items each.

 F'and Giprocess and route 40 each (their maximum processing capacity) to I. Both have a backlog of 10 since
they could not process all 50 items they received.

+ Iprocesses all 80.

* The system produces 80 items.

Run summary for Scenario 3.
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Block Throughput Summary

Block Name (Diagram) | Throughput | Excess Cap | Backlog |
A:100 100 0 0
B: 50 33.3333 16.6667 0
C: 50 33.3333 16.6667 0
D: 50 33.3333 16.6667 0
E: 40 0 0 0
F: 40 40 0 10
G: 40 40 0 10
H: 40 0 0 0
1: 200 80 120 0

Utilization summary for Scenario 3.

Actual Utilization

Block Name (Diagram) | Actual Utilization
A: 100 100%
B: 50 67%
C:50 67%
D:50 67%
E: 40 0%
F:40 100%
G:40 100%
H: 40 0%
l: 200 40%

It can be easily seen that the bottlenecks in the system are the blocks Fland G,
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Throughput Analysis Options
In BlockSim, specific throughput properties can be set for the blocks in the diagram.
Throughput: The number of items that the block can process per unit time.

Allocation: Specify the allocation scheme across multiple paths (i.e., equal or weighted). This option is shown in the

figure below.

20 B

To explain these settings, consider the example shown in the above figure, which uses the same notation as before.
If the Weighted allocation across paths option is chosen, then the 60 items made by Awill be allocated to B, ('
and Dbased on their throughput capabilities. Specifically, the portion that each block will receive, Py is:

Throughput;
P =~ (eqnl)

Z Throughput;

i=1

The actual amount is then the (portion -available units). In this case, the portion allocated to Bis é.—?,the portion
allocated to C'is %and the portion allocated to Lis % When a total of 60 units is processed through A, Bwill
get 10, C'will get 20 and Dwill get 30.

The results would then be as shown in the table below.

Throughput summary using weighted allocation across paths.

Block Throughput Summary

Block Name (Diagram) | Throughput | Excess Cap | Backlog |Backlog Processed | Excess Backlog
A: 60 60 0 0 0 0
B:10 10 0 0 0 0
C:20 20 0 0 0 0
D: 30 30 0 0 0 0
E: 60 60 0 0 0 0

If the Allocate equal share to all paths option is chosen, then 20 units will be sent to I3, C'and Dregardless of

their processing capacity, yielding the results shown in the table below.

Throughput summary using an equal allocation across paths.
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Block Throughput Summary

Block Name (Diagram) | Throughput | Excess Cap | Backlog |Backlog Processed | Excess Backlog
A: 60 60 0 0 0 0
B:10 10 0 10 0 0
C:20 20 0 0 0 0
D: 30 20 10 0 0 0
E: 60 50 10 0 0 0

Send units to failed blocks: Decide whether items should be sent to failed parts. If this option is not selected, the
throughput units are allocated only to operational units. Otherwise, if this option is selected, units are also allocated
to failed blocks and they become part of the failed block's backlog.

In the special case in which one or more blocks fail, causing a disruption in the path, and the Send units to failed
blocks option is not selected, then the blocks that have a path to the failed block(s) will not be able to process any
items, given the fact that they cannot be sent to the forward block. In this case, these blocks will keep all items
received in their backlog. As an example, and using the figure below, if Fis failed (and Fcannot accept items in its
backlog while failed), then I3, C'and Dcannot forward any items to it. Thus, they will not process any items sent to
them from A. Items sent from Awill be placed in the backlogs of items B, C'and .

Process/Ignore backlog: Identify how a block handles backlog. A block can ignore or process backlog. Items that
cannot be processed are kept in a backlog bin and are processed as needed.

Additionally, you can set the maximum number of items that can be stored in the backlog. When you choose to
ignore the backlog, BlockSim will still report items that cannot be processed in the backlog column. However, it will
let the backlog accumulate and never process it. In the case of a limited backlog, BlockSim will not accumulate more
backlog than the maximum allowed and will discard all items sent to the block if they exceed its backlog capacity. It
will keep count of the units that did not make it in the backlog in a category called Excess Backlog. To illustrate this,
reconsider Scenario 3, but with both Fand Ghaving a limited backlog of 5. After a single time unit of operation,

the results would be as shown in the tables below.

Scenario 3 summary with F and G having a limited blacklog and after one time unit.
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Block Throughput Summary

Block Name (Diagram) | Throughput | Excess Cap | Backlog |Backlog Processed | Excess Backlog
A: 100 100 0 0 0 0
B: 50 33.3333 16.6667 10 0 0
C:50 33.3333 16.6667 0 0 0
D: 50 33.3333 16.6667 0 0 0
E: 40 0 0 0 0 0
F:40 40 0 5 0 5
G: 40 40 0 5 0 5
H: 40 0 0 0 0 0
l: 200 80 120 0 0 0

Scenario 3 summary with F and G having a limited backlog and after two time units.

Block Throughput Summary

Block Name (Diagram) | Throughput | Excess Cap | Backlog [Backlog Processed | Excess Backlog
A: 100 200 0 0 0 0
B: 50 66.6667 33.3333 10 0 0
C:50 66.6667 33.3333 0 0 0
D: 50 66.6667 33.3333 0 0 0
E:40 0 0 0 0 0
F:40 80 0 5 0 15
G: 40 80 0 5 0 15
H: 40 0 0 0 4] 0
I: 200 160 240 0 0 0

Note that the blocks will never be able to process the backlog in this example. However, if we were to observe the
system for a longer operation time and through failures and repairs of the other blocks, there would be opportunities
for the blocks to process their backlogs and catch up. It is very important to note that when simulating a system with
failures and repairs in BlockSim, you must define the block as one that operates through system failure if you wish
for backlog to be processed. If this option is not set, the block will not operate through system failure and thus will
not be able to process any backlog items when components that cause system failure (from an RBD perspective) fail.

Variable Throughput

In many real-world cases throughput can change over time (i.e., throughput through a single component is not a
constant but a function of time). The discussion in this chapter is devoted to cases of constant, non-variable
throughput. BlockSim does model variable throughput using phase diagrams. These are discussed in Introduction to

Reliability Phase Diagrams.

A Simple Throughput Analysis Example

The prior sections illustrated the basics concepts in throughput analysis. However, they did not take into account the
reliability and maintenance properties of the blocks and the system. In a complete analysis, these would also need to
be incorporated. The following simple example incorporates failures and repairs. Even though the example is trivial,
the concepts presented here form the basis of throughput analysis in BlockSim. The principles remain the same no

matter how complex the system.

Consider the simple system shown in the figure below, but with Eoperating.
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C:20 »

In addition, consider the following deterministic failure and repair characteristics:

Block Name (Diagram) Fail Every Repair Duration
A: 60 65 4
B: 10 50 4
C: 20 95 4
D: 30 60 4
E:. 70 70 4

Also:

* Set all units to operate through system failure.
* Do not add spare part pools or crews (use defaults).
* Do not send items to failed units.

* Use a weighted allocation scheme.

Event History: 0 to 100 Time Units

Then the system behavior from 0 to 100 time units is given in the table below. The system event history is as

Block Fail Time Repaired By

follows:

A: 60 65 69
B:10 50 54
C:20 55 59
D: 30 60 64
E:70 70 74

Once the system history has been established, we can examine the throughput behavior of this system from 0 to 100

by observing the sequence of events and their subsequent effect on system throughput.
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Block Up/Down
E:70 |_|
D: 30 U
B:10 ]_I
System |_| l_|

0.000 20.000 40.000 60.000

Time, (t)

Event 1: B Fails at 50
» At 50, B fails.
+ From 0 to 50, A processes 50 - 60 = 3000items.

80.000

100.000

* 500 are sent to B , 1000 to C'and 1500 to I. There is no excess capacity at B, Cor D.

* B, C'and Dprocess and send 3000 items to £. Because the capacity of Eis 3500, E'now has an excess

capacity of 500.

* The next table summarizes these results:

Event 1: B Fails at 50

StartTime EndTime

Processed

Excess Capacity

Backlog

Event 2: B is Down 50 to 54
¢ From 50 to 54, B is down.

Backlog Processed

I' ) =10
- d g
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* A processes 240 items and sends 96 to C'and 144 to ).

+ Dand C'can only process 80 and 120 respectively during this time. Thus, they get backlogs of 16 and 24
respectively.

» The 200 processed are sent to £, E'has an excess capacity of 80 during this time period.

* The next table summarizes these results:

Event 2: B is Down 50 to 54

B
StartTime EndTime 10
0 Processed
0 0 0 0 80 |Excess Capacity
0 0 16 24 0 Backlog -
0 0 0 0 0 Backlog Processed
40 00 080 620 00 Processed
0 0 0 0 30 e apa
0 0 H 4 0 Ba 0C)
] 0 0 D 0 Ba 0q Processed

Event 3: All Up 54 to 55

The next table summarizes the results:

Event 3: AllUp - 54 to 55

StartTime EndTime

Processed
Excess Capacity
Backlog 5
Backlog Processed

DCe 2C

Event 4: C'is Down 55 to 59

The next table summarizes the results:
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Event 4: C Down - 55 to 59

StartTime EndTime

Processed

Excess Capacity

Backlog

Backlog Processed

OCe 2
= dDd
Ba 0d
B od Processed
Event 5: All Up 59 to 60
The next table summarizes the results:
Event 5: All Up - 59 to 60
A B C D E
StartTime EndTime 60 10 20 30 70
60 60 10 20 30 60 |Processed
0 0 0 0 10  |Excess Capacity
0 0 0 0 0 Backlog
0 0 0 0 0 Backlog Processed
600 60 ( 800 480 Processed
U ) U § 0 2 dpa
] ) B 84 0 Ba 00
] 0 C § 0 B 0d Processed
Event 6: Lis Down 60 to 64
The next table summarizes the results:
Event 6: D Down - 60 to 64
D
StartTime EndTime 30
0 Processed
0 0 0 0 160 |Excess Capacity
0 40 80 0 0 Backlog
0 0 0 0 0 Backlog Processed
5340 600 D0 800 600 Processed
0 0 0 0 880 e apa
o 60 06 o4 1 Ba 00
] o C § 0 B 0d Processed

Event 7: All Up 64 to 65

The next table summarizes the results:
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Event 7: All Up - 64 to 65

D
StartTime EndTime 30
30 Processed
0 Excess Capacity
0 Backlog -
0 Backlog Processed
900 610 0 330 660 Processed
0 0 0 0 890 e apa
0 60 06 24 0 Ba 00
] 0 0 D 0 B 0q Processed

Event 8: A is Down 65 to 69

Between 65 and 69, A fails. This stops the flow of items in the system and provides an opportunity for the other

blocks to process their backlogs. As an example, B processes 40 items from the 60 items in its backlog. Specifically:

Event 8: A Down - 65 to 69

StartTime EndTime
Processed
Excess Capacity
Backlog -
Backlog Processed
900 650 0Q 914 364 Processed
U U ( O 966 - d[Dd
] ) 6 ) 0 B 0Q
0 ) 80 84 0 5 0Q Processed
Event 9: All Up 69 to 70
The next table summarizes the results:
Event9: AllUp-69to 70
StartTime EndTime
Processed
Excess Capacity
Backlog S
Backlog Processed
Froce 2
0 ] 0 § Q9/6 = ADa
] ) B § 0 B 0Q
] 0 S0 84 0 B 0q Processed

Event 10: F'is Down 60 to 64
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From 70 to 74, Eis down. Because we specified that we will not send items to failed units, B , C'and Dreceive

items from A but they do not process them, since processing would require that items be sent to £. The items

received by B, C'and Dare added to their respective backlogs. Furthermore, since they could have processed them

if ’had been up, all three blocks have an excess capacity for this period. Specifically:

Event 10: EDown -70to 74

StartTime EndTime

0 Processed

0 40 80 120 0 Excess Capacity

0 40 80 120 0 Backlog -

0 0 0 0 0 Backlog Processed
4200 660 0 944 924 Processed

0 4() S0 & Q9/6 g ADa

0 all 06 0 0 Ba 00

] 40 S0 84 0 Ba 00 Processed

It should be noted that if we had allowed items to be sent to failed blocks, B , C'and Dwould have processed the

items received and the backlog would have been at . The rest of the time, all units are up.

Event 11: All Up 74 to 100

The next table summarizes the results:

Event 10:EDown-70to 74

D E
StartTime EndTime 30 70
100 1560 260 520 780 1560 |Processed
0 0 0 0 260 |Excess Capacity
0 0 0 0 0 Backlog -
0 0 0 0 0 Backlog Processed
60 920 340 4 484 Processed
U 40 80 D » - dDd
0 all 06 0 0 Ba 00
] 4() 80 84 0 Ba od Processed
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Exploring the Results

BlockSim provides all of these results via the Simulation Results Explorer. The figure below shows the system

throughput summary.

"] Past ¥ | Insert Worksheet Ed Sheet Opti .
_J = g ] Paste w Show Expanded Block Name el bt L g
7 Clear ~ = ..Eo S Transfer Report 3 Send Selection to Weibull++ :
Co Cut = Set Colors
Py 3 print 11 Freeze Block Name Column f+ Full Report P/ Send RDA Results to Weibull++
Edit Il View il Sheet | it
£ General Summary | | A B C =
Ei@w System e

{-f=2] System Overview
System Point Results
é gzz:x i::;ﬁughpm Block Name Uptime Utilization
i Blocks A:60 100.00%
T Crews B:10 95.83%
(g Spare Part Pools C:20 95.83%
g Simulation D:30 94.58%
(g Relevant Summaries E:70 81.61%

System Throughput

RBD1

System level results present the total system throughput, which is 5484 items in this example. Additionally, the
results include the uptime utilization of each component. The block level result summary, shown next, provides
additional results for each item.

Home =
‘ o = i ei ol 3 :
1= . [ =3 E 4 N B B
Copy Cut Paste Clear Print Show Expanded Freeze Block SetColors Insert Transfer Full Report Sheet Send Selection Send RDA Results | por (Hr) >
- Block Name  Name Column Worksheet Report Options to Weibull++  to Weibull++ 3 |
Edit I View ! Sheet: I Unit
=) General Summary S — — . , e e - 5 ; = T =
’-ﬁ‘_i‘f‘;tﬂ“ 1 Block Throughput Summary E
ie| System Overview 2 Block Name (Diagram) | Throughput| Excess Capacity| Backlog | Backlog Processed | Excess Backlog
&7 System Point Results N
$) system Costs 3 A:60 5760 0 0 0 0
-_-‘.H System Throughput 4 Bilﬂ 920 40 60 40 0
G Blocks 5 C:20 1840 80 96 80 0
T Block Summary 6 D:30 2724 156 120 84 0
% Block Costs 7 E:70 5484 1236 0 0 0
[ Block Throughput 8
[+ Block Details 9
+'H Crews 10 |
4@ Spare Part Pools 11 x
g Simulation < Sl L Cedn i e L il i i S
+{@ Relevant Summaries Block Throughput
RBD1

Finally, specific throughput results and metrics for each block are provided, as shown next.
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IJ e [ Paste
B 7 Clear~
Copy  Cut
By £ Print

Edit

& Show Expanded Block Name

il Freeze Block Name Column | Set Colors

View

U Insert Worksheet Sheet Options

fr Transfer Report ) Send Selection to Weibull++
5
rl‘-ﬂ Send RDA Results to Weibull

S Full Report
Sheet

£ General Summary A | B
System B i B —E—
] System Overview | Misc. Inspection Costs: 0
. g 2:2:2 Zz':; Resuls 9 | Costs for Crews: 0
i,-{ System Throughput - %CDStS (PM)
=G Blocks | Misc. PM Costs: 0
Iy Slock Summary Costs for Parts: 0
T3 Block Costs Costs for Crews: 0
B Block Throughput
{& Block Details Misc. OC Costs: 0
Costs for Parts: 0
Costs for Crews: 0
|Costs (Downtime) 0
i |Throughput
. H E:70 Throughput:| 5760
+([ Crews .
[ Spare Part Pools Excess Capacity: 0
[ simulation Backlog: 0
.\_+_-_:H Relevant Summaries i Backlog Processed: 0
| Throughput Metrics
Max. Uptime Capacity:| 5760
Uptime Utilization:| 100.00%
Max. Capacity:| 6000
Actual Utilization:| 96.00%

Block Details

Life Cycle Cost Analysis

A life cycle cost analysis involves the analysis of the costs of a system or a component over its entire life span.

Typical costs for a system may include:

* Acquisition costs (or design and development costs).

¢ Operating costs:

¢ Cost of failures.
* Cost of repairs.
* Cost for spares.

¢ Downtime costs.

* Loss of production.

* Disposal costs.

A complete life cycle cost (LCC) analysis may also include other costs, as well as other accounting/financial

elements (such as discount rates, interest rates, depreciation, present value of money, etc.).

For the purpose of this reference, it is sufficient to say that if one has all the required cost values (inputs), then a
complete LCC analysis can be performed easily in a spreadsheet, since it really involves summations of costs and
perhaps some computations involving interest rates. With respect to the cost inputs for such an analysis, the costs
involved are either deterministic (such as acquisition costs, disposal costs, etc.) or probabilistic (such as cost of

failures, repairs, spares, downtime, etc.). Most of the probabilistic costs are directly related to the reliability and

maintainability characteristics of the system.

The estimations of the associated probabilistic costs is the challenging aspect of LCC analysis. In the following

example, we will look at using some of the cost inputs associated with BlockSim to obtain such costs.



http://reliawiki.org/index.php?title=File%3A9.12.gif

Additional Analyses

206

Example: Obtaining Costs for an LCC Analysis

Consider the manufacturing line (or system) shown next.

The block properties, pool properties and crew properties are given in the following tables. All blocks identified with
the same letter have the same properties (i.e., Blocks A = Al and A2; Blocks B = B1, B2, B3 and B4; and Blocks C

Blo
Fa

=ClI, C2, C3 and C4).

cks B
Failure ilure
. ) n ) B n . [ n
Weibull 5 20,000 Weibull 5 10,000 Weibull 3 8,000
OTSF Yes OTSF | Yes (OTSF Yes
~ Repair | "~ Repair | | ~ Repair |
Exponential 1:;0 Exponential SMD Exponential 7"0
Crews Pool & Policies | Crews Pool & Policies | | Crews Pool & Policies !
Repair Crews Crew 1 Repair Crews Crew1 Repair Crews Crew1
Crew 2 Crew 2 Crew 2
Policy 'Upon Failure 'Policy ‘Upon Failure| [Policy 'Upon Failure|
Spare Pool A Pool ' Spare Pool BPool | 'Spare Pool CPool |
Throughput | Throughput Throughput |
Parts / Hour | 4 |Parts / Hour 1 |Parts / Hour 1
Pracess Backlog Yes Process Backlog Yes Pracess Backlog Yes
Limited Backlog ' No | Limited Backlog No |Limited Backlog ' No
Other Costs | Other Costs | Other Costs |
Operating Cost/ Hour|  $10.00 |Operating Cost / Hour  $2.00 |Operating Cost/ Hour  $2.00
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Pool A Pool B
Cost Per Item $5,000.00 Cost Per Item . $3,000.00 |Cost Per Item . $2,000.00
Indirect Cost Per Item | 1 Indirect Cost Per Item _ 1 llndirect Cost Per Item _ 1
Initial Stock | 1 Initial Stock | 1 Initial Stock | 1
Logistic Time to Dispense Logistic Time to Dispense | Logistic Time to Dispense
) H i H . u
Exponential 20 Exponential - 20 Exponential | 20
On-Condition Restock On-Condition Restock | On-Condition Restock
Restock at ' 0 Restock at 0 |Restock at 0
Restock Items ' 1 Restock Items | 1 Restock Items | 1
Time for Stock Arrival Time for Stock Arrival | Time for Stock Arrival
) ' M . H . T
Exponential 30 Exponential 30 Exponential 30
Emergency Emergency Emergency
Can Obtain Yes Can Obtain Yes |Can Obtain Yes
Cost Per Item $10,000.00 Cost Per Item $6,000.00 Cost Per Item $4,000.00
Time for Emergency Arrival Time for Emergency Arrival | Time for Emergency Arrival
. H , H . u
Exponential 70 Exponential 70 Exponential 70
Crew 2
Direct Cost Per Hour 100 Direct Cost Per Hour 100
Cost Per Incident 0 Cost Per Incident 500
Num. Sim. Tasks 1 Num. Sim. Tasks 1
Logistic Delay Logistic Delay
. [ . H
Exponential — Exponential —
P 30 P 50

This system was analyzed in BlockSim for a period of operation of 8,760 hours, or one year. 10,000 simulations

were performed. The system overview is shown next.
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Most of the variable costs of interest were obtained directly from BlockSim. The next figure shows the overall

system costs.

|General
Mean Availability (All Events):| 0.9948
Std Deviation (Mean Availability):| 0.0002
| Mean Availability (wfo PM, OC & Inspection):| 0.0948
| Point Availability (All Events) at 8760:| 0.9886
Reliability(8760):| 0.6826
Expected Number of Failures:| 0.3557
Std Deviation (Number of Failures):| 0.0101
MTTFF (Hr):|24421.7695
|System Uptime/Downtime
Uptime (Hr):| 8714.4887
CM Downtime (Hr):| 45.5113
Inspection Downtime (Hr): 0
PM Downtime (Hr): 0
OC Downtime (Hr): 0
Total Downtime (Hr):[ 45.5113
|System Downing Events
Number of Failures:| 0.3557
Number of CMs:[ 0.3557
Number of Inspections: 0
Number of PMs: 0
Number of OCs: 0
Number of OFF Events by Trigger: 0
| Total Events:| 0.3557
Total Costs:| 92197.64
|Throughput
Total Throughput:|31685.8792
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System Cost Summary

Misc. Corrective Costs: 0
Costs for Parts (CM): 15575.8
Costs for Crews (CM): 59034.2533
Total CM Costs: 74610.0533
Misc. Preventive Costs: 0
Costs for Parts (PM): 0
Costs for Crews (PM): 0
Total PM Costs: 0
Misc. On Condition Costs: 0
Costs for Parts (OC): 0
Costs for Crews (OC): 0
Total OC Costs: 0
Misc. Inspection Costs: 0
Costs for Crews (IN): 0
Total Inspection Costs: 0
Downtime Costs: 0
Indirect Pool Costs: 17587.5867
Total Costs: 92197.64

From the summary, the total cost is $92,197.64. Note that an additional cost was defined in the problem statement
that is not included in the summary. This cost, the operating cost per item per hour of operation, can be obtained by

looking at the uptime of each block and then multiplying this by the cost per hour, as shown in the following table.
Therefore, the total cost is 92,197 4+ 313,813 = $406, 010.

Operating Costs

Block Name Block Uptime (Hr) Cost per /hr Cost
Al 8737.2285 %10 $87,372
B1 8707.5628 $2 $17,415
C1 8678.1683 $2 $17,356
B2 8707.7533 $2 $17,416
C2 8676.7559 $2 $17,354
B3 8706.4781 52 $17,413
C3 8677.2955 $2 $17,355
B4 8705.8658 $2 $17,412
c4 8674.3828 $2 $17,349
A2 8737.2602 $10 $87,373

$313,813

If we also assume a revenue of $100 per unit produced, then the total revenue is our throughput multiplied by the per

unit revenue, or 31, 685 - $100 = $3, 168, 500.
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Chapter 9

Fault Tree Diagrams and System Analysis

BlockSim allows system modeling using both reliability block diagrams (RBDs) and fault trees. This chapter
introduces basic fault tree analysis and points out the similarities (and differences) between RBDs and fault tree

diagrams. Principles, methods and concepts discussed in previous chapters are used.

Fault trees and reliability block diagrams are both symbolic analytical logic techniques that can be applied to analyze
system reliability and related characteristics. Although the symbols and structures of the two diagram types differ,
most of the logical constructs in a fault tree diagram (FTD) can also be modeled with a reliability block diagram
(RBD). This chapter presents a brief introduction to fault tree analysis concepts and illustrates the similarities

between fault tree diagrams and reliability block diagrams.

Fault Tree Analysis: Brief Introduction

Bell Telephone Laboratories developed the concept of fault tree analysis in 1962 for the U.S. Air Force for use with
the Minuteman system. It was later adopted and extensively applied by the Boeing Company. A fault tree diagram
follows a top-down structure and represents a graphical model of the pathways within a system that can lead to a
foreseeable, undesirable loss event (or a failure). The pathways interconnect contributory events and conditions

using standard logic symbols (AND, OR, etc.).

Fault tree diagrams consist of gates and events connected with lines. The AND and OR gates are the two most
commonly used gates in a fault tree. To illustrate the use of these gates, consider two events (called "input events")
that can lead to another event (called the "output event"). If the occurrence of either input event causes the output
event to occur, then these input events are connected using an OR gate. Alternatively, if both input events must occur
in order for the output event to occur, then they are connected by an AND gate. The following figure shows a simple
fault tree diagram in which either A or B must occur in order for the output event to occur. In this diagram, the two
events are connected to an OR gate. If the output event is system failure and the two input events are component

failures, then this fault tree indicates that the failure of A or B causes the system to fail.

The RBD equivalent for this configuration is a simple series system with two blocks, A and B, as shown next.
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Basic Gates

Gates are the logic symbols that interconnect contributory events and conditions in a fault tree diagram. The AND
and OR gates described above, as well as a Voting OR gate in which the output event occurs if a certain number of
the input events occur (i.e., k-out-of-n redundancy), are the most basic types of gates in classical fault tree analysis.
These gates are explicitly provided for in BlockSim and are described in this section along with their BlockSim

implementations. Additional gates are introduced in the following sections.

A fault tree diagram is always drawn in a top-down manner with lowest item being a basic event block. Classical

fault tree gates have no properties (i.e., they cannot fail).

AND Gate

In an AND gate, the output event occurs if all input events occur. In system reliability terms, this implies that all
components must fail (input) in order for the system to fail (output). When using RBDs, the equivalent is a simple

parallel configuration.

Example

Consider a system with two components, A and B. The system fails if both A and B fail. Draw the fault tree and
reliability block diagram for the system. The next two figures show both the FTD and RBD representations.

AND
T
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S ~a

u

The reliability equation for either configuration is:
RSystem = RA + RB - RA ’ RB

The figure below shows the analytic equation from BlockSim.

© Equation Viewer

N 1 i e J P
% -] ds | ¢
Cut Copy Paste Print Print = Add Equation Refresh

Preview to Attachments

e e | e S e BT

: |Reliabi|ity Equation I1|| [] Show Legend Show Colors

() Complete Equation @

Rsystem==Ra:Re+Ra+Rs
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OR Gate

In an OR gate, the output event occurs if at least one of the input events occurs. In system reliability terms, this
implies that if any component fails (input) then the system will fail (output). When using RBDs, the equivalent is a

series configuration.

Example

Consider a system with three components, A, B and C. The system fails if A, B or C fails. Draw the fault tree and
reliability block diagram for the system. The next two figures show both the FTD and RBD representations.

£

T

© 0

The reliability equation for either configuration is:

RSystsm = RA ’ RB ’ RC'

The figure below shows the analytic equation from BlockSim.
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® Equation Viewer

Cut Copy Paste Print Print | Add Equation = Refresh

‘ Preview ” to Attachments ” |

[ Edit | Save  Refresh
(") Complete Equation () Symbolic Equation |Reliabi|ity Equation |i|| LEQEﬂd Show Colors

Rsystem="Ra.Ra:Rc

Voting OR Gate

In a Voting OR gate, the output event occurs if Kor more of the input events occur. In system reliability terms, this
implies that if any k-out-of-n components fail (input) then the system will fail (output).

The equivalent RBD construct is a node and is similar to a k-out-of-n parallel configuration with a distinct
difference, as discussed next. To illustrate this difference, consider a fault tree diagram with a 2-out-of-4 Voting OR

gate, as shown in the following figure.

6660
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In this diagram, the system will fail if any two of the blocks below fail. Equivalently, this can be represented by the

RBD shown in the next figure using a 3-out-of-4 node.

Start

In this configuration, the system will not fail if three out of four components are operating, but will fail if more than
one fails. In other words, the fault tree considers k-out-of-n failures for the system failure while the RBD considers

k-out-of-n successes for system success.

Increasing the Flexibility

Classical Voting OR gates have no properties and cannot fail or be repaired (i.e., they cannot be an event
themselves). In BlockSim, Voting OR gates behave like nodes in an RBD; thus, they can also fail and be repaired
just like any other event. By default, when a Voting OR gate is inserted into a fault tree diagram within BlockSim,
the gate is set so that it cannot fail (classical definition). However, this property can be modified to allow for
additional flexibility.

Example

Consider a system with three components, A, B and C. The system fails if any two components fail. Draw the fault
tree and reliability block diagram for the system. The next two figures show both the FTD and RBD representations.
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@

Start

T

The reliability equation for either configuration is:
Rsystem = —2-Ry-Rg-Rc+ Ry-Rg+ Ry-Re+ Rp- Re
Equation above assumes a classical Voting OR gate (i.e., the voting gate itself cannot fail). If the gate can fail then

the equation is modified as follows:

Rsystem = Rvoting (-2 -Ry-Rp-Re+Ry-Rg+ Ry Re+ Rp - Re)
Note that while both the gate and the node are 2-out-of-3, they represent different circumstances. The Voting OR
gate in the fault tree indicates that if two components fail then the system will fail; while the node in the reliability

block diagram indicates that if at least two components succeed then the system will succeed.
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Combining Basic Gates
As in reliability block diagrams where different configuration types can be combined in the same diagram, fault tree
analysis gates can also be combined to create more complex representations. As an example, consider the fault tree

diagram shown in the figures below.

&
o_
O
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New BlockSim Gates

In addition to the gates defined above, other gates exist in classical FTA. These additional gates (e.g., Sequence
Enforcing, Priority AND, etc.) are usually used to describe more complex redundancy configurations and are
described in later sections. First, we will introduce two new advanced gates that can be used to append to and/or
replace classical fault tree gates. These two new gates are the Load Sharing and Standby gates. Classical fault trees
(or any other fault tree standard to our knowledge) do not allow for load sharing redundancy (or event dependency).
To overcome this limitation, and to provide fault trees with the same flexibility as BlockSim's RBDs, we will define
a Load Sharing gate in this section. Additionally, traditional fault trees do not provide the full capability to model
standby redundancy configurations (including the quiescent failure distribution), although basic standby can be
represented in traditional fault tree diagrams using a Priority AND gate or a Sequence Enforcing gate, discussed in

later sections.

Load Sharing Gate
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A Load Sharing gate behaves just like BlockSim's Load Sharing containers for RBDs. Load Sharing containers were
discussed in Time-Dependent System Reliability (Analytical) and RBDs and Analytical System Reliability. Events
leading into a Load Sharing gate have distributions and life-stress relationships, just like contained blocks.
Furthermore, the gate defines the load and the number required to cause the output event (i.e., the Load Sharing gate
is defined with a k-out-of-n vote ). In BlockSim, no additional gates are allowed below a Load Sharing gate.

Example

A component has five possible failure modes, A, B4, Bg, Beand €' and the Bmodes are interdependent. The
system will fail if mode Aoccurs, mode Cloccurs or two out of the three Bmodes occur. Modes Aand C'have a
Weibull distribution with # = Zand 7 = 10,0004n4 15, DDDrespectively. Events £34, Bpand Bchave an
exponential distribution with a mean of 10, 000nhours. 1f any Bevent occurs (.e., BA, Bpor Bc), the remaining
Bevents are more likely to occur. Specifically, the mean times of the remaining Bevents are halved. Determine the
reliability at 1,000 hours for this component.

Solution

The first step is to create the fault tree as shown in the figure below. Note that both an OR gate and a Load Sharing

A

t
B

gate are used.

2

.f

The next step is to define the properties for each event block and the Load Sharing gate. Setting the failure

distributions for modes -Aand C'is simple.

The more difficult part is setting the properties of the Load Sharing gate (which are the same as an RBD container)
and the dependent load sharing events (which are the same as the contained blocks in an RBD). Based on the
problem statement, the Zmodes are in a 2-out-of-3 load sharing redundancy. When all three are working (i.e., when
no Bmode has occurred), each block has an exponential distribution with ft = 1[:'_1 000, 1f one Bmode occurs,

then the two surviving units have an exponential distribution with it = a,000.

Assume an inverse power life-stress relationship for the components. Then:

1
N
1
N

1
Substituting ft1 = 10,000and Vi = lin p1 = Wand casting it in terms of K yields:
1



http://reliawiki.org/index.php?title=File%3A10.7.png

Fault Tree Diagrams and System Analysis

220

1
10,000 =7
1
K 15000~ 0.0001

Substituting f2 — 5, DDD, V, = 1-5(becai1se if one fails, then each survivor takes on an additional 0.5 units of

1
load) and 10,000 = —for Kin ft2 =

K Wyields:
2
1
5,000 ~ 0.0001-(1.5)"
0.5 =(1.5)""
In(0.5) = —nln(1.5)
n =1.7095

This also could have been computed in ReliaSoft's ALTA software or with the Load & Life Parameter Experimenter

in BlockSim. This was done in Time-Dependent System Reliability (Analytical) .

At this point, the parameters for the load sharing units have been computed and can be set, as shown in the following
figure. (Note: when define the IPL-Exponential model, we just need to specify the value for K and n, the value for

Use Stress is not a issue here, leave it as default number 10 or any number will be good.)

w Block name

Block description

= % Operation

| Weight proportionality
| factor (16.67%)

Duty cycle 1
[ Operates evenif systemis down
= & Supplemental Costs
~— Cost per Failure Default - No Cost

1

— Downtime rate {$/Hr) Default - No Cost
# [ Maintenance Group
3] [IE] Identifiers

Used by 1item |

A SYNTHESIS

; Editing model properti
i Editing block properties bt ipinid S it

The next step is to set the weight proportionality factor. This factor defines the portion of the load that the particular
item carries while operating, as well as the load that shifts to the remaining units upon failure of the item. To
illustrate, assume three units (1, 2 and 3) are in a load sharing redundancy, represented in the fault tree diagram by a
Load Sharing gate, with weight proportionality factors of 1, 2 and 3 respectively (and a 3-out-of-3 requirement).

1
e Unit | carries (m) = 0.1660r 16.6% of the total load.
* Unit 2 carries (ﬁ) = 0.3330r 33.3% of the total load.
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3
* Unit 3 carries ( m) = 0.500r 50% of the total load.
The actual load on each unit then becomes the product of the entire load defined for the gate multiplied by the

portion carried by that unit. For example, if the load is 100 lbs, then the portion assigned to Unit 1 will be
100 - 0.166 = 16.61bs.

In the current example, all units share the same load; thus, they have equal weight proportionality factors. Because
these factors are relative, if the same number is used for all three items then the results will be the same. For

simplicity, we will set the factor equal to 1 for each item.

Once the properties have been specified in BlockSim, the reliability at 1000 hours can be determined. From the
Analytical QCP, this is found to be 93.87%.

Standby Gate

SB

A Standby gate behaves just like a standby container in BlockSim's RBDs. Standby containers were discussed in
Time-Dependent System Reliability (Analytical) and RBDs and Analytical System Reliability. Events leading into a
Standby gate have active and quiescent failure distributions, just like contained blocks. Furthermore, the gate acts as
the switch, can fail and can also define the number of active blocks whose failure would cause system failure (i.e.,

the Active Vote Number required ). In BlockSim, no additional gates are allowed below a Standby gate.

Example

Consider a system with two units, A and B, in a standby configuration. Unit A is active and unit B is in a "warm"
standby configuration. Furthermore, assume perfect switching (i.e., the switch cannot fail and the switch occurs

instantly). Units A and B have the following failure properties:
+ Block A(Active):

¢ Failure Distribution: Weibull; ﬂ = 1-5; n= 1,D[l[lhours.
* Block B(Standby):

* Energized failure distribution: Weibull, ﬂ = 1-5; n= 1,D[l[lhours.
¢ Quiescent failure distribution: Weibull,; .ﬁ = 1-5; n= 2, 000hours.

Determine the reliability of the system for 500 hours.

Solution

The fault tree diagram for this configuration is shown next and R(f = 500) = 94.26%.
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Additional Classical Gates and Their Equivalents in BlockSim

Sequence Enforcing Gate

Various graphical symbols have been used to represent a Sequence Enforcing gate. It is a variation of an AND gate
in which each item must happen in sequence. In other words, events are constrained to occur in a specific sequence
and the output event occurs if all input events occur in that specified sequence. This is identical to a cold standby
redundant configuration (i.e., Kunits in standby with no quiescent failure distribution and no switch failure
probability). BlockSim does not explicitly provide a Sequence Enforcing gate; however, it can be easily modeled

using the more advanced Standby gate, described previously.

Inhibit Gate

In an Inhibit gate, the output event occurs if all input events occur and an additional conditional event occurs. It is an
AND gate with an additional event. In reality, an Inhibit gate provides no additional modeling capabilities but is used
to illustrate the fact that an additional event must also occur. As an example, consider the case where events A and B
must occur as well as a third event C (the so-called conditional event) in order for the system to fail. One can

represent this in a fault tree by using an AND gate with three events, A, B and C, as shown next.

AND

Classical fault tree diagrams have the conditional event drawn to the side and the gate drawn as a hexagon, as shown

next.
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It should be noted that both representations are equivalent from an analysis standpoint.

BlockSim explicitly provides an Inhibit gate. This gate functions just like an AND gate with the exception that
failure/repair characteristics can be assigned to the gate itself. This allows the construction shown above (if the gate

itself is set to not fail). Additionally, one could encapsulate event C inside the gate (since the gate can have

properties), as shown next. Note that all three figures can be represented using a single RBD with events A, B and C

T

in parallel.

Priority AND Gate

With a Priority AND gate, the output event occurs if all input events occur in a specific sequence. This is an AND
gate that requires that all events occur in a specific sequence. At first, this may seem identical to the Sequence
Enforcing gate discussed earlier. However, it differs from this gate in the fact that events can occur out of sequence
(i.e., are not constrained to occur in a specific sequence) but the output event only occurs if the sequence is followed.

To better illustrate this, consider the case of two motors in standby configuration with motor Abeing the primary
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motor and motor B in standby. If motor A fails, then the switch (which can also fail) activates motor B. Then the
system will fail if motor A fails and the switch fails to switch, or if the switch succeeds but motor B fails subsequent
to the switching action. In this scenario, the events must occur in the order noted; however, it is possible for the
switch or motor B to fail (in a quiescent mode) without causing a system failure, if A never fails. BlockSim does not
explicitly provide a Priority AND gate. However, like the Sequence Enforcing gate, it can be easily modeled using
the more advanced Standby gate.

Transfer Gate

Transfer in/out gates are used to indicate a transfer/continuation of one fault tree to another. In classical fault trees,
the Transfer gate is generally used to signify the continuation of a tree on a separate sheet. This is the same as a
subdiagram block in an RBD. BlockSim does not explicitly provide a Transfer gate. However, it does allow for
subdiagrams (or sub-trees), which provide for greater flexibility. Additionally, a subdiagram in a BlockSim fault tree

can be an RBD and vice versa. BlockSim uses the more intuitive folder symbol to represent subdiagrams.

As an example, consider the fault tree of the robot manipulator shown in the first figure ("A") below. The second
figure ("B") illustrates the same fault tree with the use of subdiagrams (Transfer gates). The referenced subdiagrams
are shown in subsequent figures. Note that this is using multiple levels of indenture (i.e., the subdiagram has

subdiagrams and so forth).
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Robot Arm
Mechanism

Manipulator

Contact
System Falure with Mast

Watchdog
BSD Falls

Primary
Power Failure

(AP
Brake

Processor |

Primary PN

A: A sample fault tree for a robot manipulator, showing all
items in a single tree.

Failure to
Remove
from Tank

Arm Jams /

Collides

JAM

B: The fault tree of Figure A using subdiagrams (Transfer gates). The subdiagrams are shown in Figures "C" and "D".
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Robot Arm
Mechanism

Kinematic
Reconfiguration Joint Failure
Failure

C: The fault tree of the robot arm mechanism. This subdiagram is
referenced in Figure "B".

Arm Ja !
Collides

Manipulator Contact
System Failure with Mast

Operator /
Controller
Command in Error

Reflex Emergency
Control Failure Stop Failure

D: The fault tree for the arm jams/collides event. This subdiagram is referenced in Figure "B". It also includes
a subdiagram continuation to Figure "E".
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Brake Shutdown

Watchdog HELE

BSD Fails Power

Watchdog

Primary Secondary
Brake Brake
Power Failure Power Failure

[A] Pr. [S:1] Sec.
Brake Brake

E: The brake shutdown event referenced from Figure "D". it also includes a subdiagram continuation to Figure
e

Watchdog
B3D Fails

Communication
Fails

Watchdog
Processor |l
Hardware Error

Contact
with Mast

Processorll Processor |

F: The watchdog ESD fails event referenced from Figure "F". It also includes a subdiagram
continuation to Figure "G"
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Fourth
Private Metwork
Fails

Primary
Private Metwork
Fails

Secondary Third
Private Network Private Netwaork
Fails

Primary PN Secondary Third PN

Fourth PN

G: The communication fails event referenced from Figure "F".

The RBD representation of the fault tree shown in the first figure is given in Figure "H". This same RBD could have

been represented using subdiagrams, as shown in Figure "I". In this figure, which is the RBD representation of

Figure "B", the subdiagrams in the RBD link to the fault trees of Figures "D" and "C" and their sub-trees.

Processor
I

Primary [A] Pr.
PN Brake

—
Processor [5:1] Sec.
I Brake
LS SB

H: This is the RBD equivalent of the complete fault tree of Figure "A".

£

I: The RBD representation of Figure "B" with the subdiagrams in the RBD linked to the fault
trees of Figures "C" and "D" and their sub-trees.
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XOR Gate

In an XOR gate, the output event occurs if exactly one input event occurs. This is similar to an OR gate with the
exception that if more than one input event occurs then the output event does not occur. For example, if there are two
input events then the XOR gate indicates that the output event occurs if only one of the input events occurs but not if
zero or both of these events occur. From a system reliability perspective, this would imply that a two-component
system would function even if both components had failed. Furthermore, when dealing with time-varying failure
distributions, and if system components do not operate through failure, a failure occurrence of both components at
the exact same time ( dif)is an unreachable state; thus an OR gate would suffice. For these reasons, an RBD
equivalent of an XOR gate is not presented here and BlockSim does not explicitly provide an XOR gate.

Event Classifications

Traditional fault trees use different shapes to represent different events. Unlike gates, however, different events in a
fault tree are not treated differently from an analytical perspective. Rather, the event shapes are used to convey
additional information visually. BlockSim includes some of the main event symbols from classical fault tree analysis
and provides utilities for changing the graphical look of a block to illustrate a different type of event. Some of these
event classifications are given next. From a properties perspective, all events defined in BlockSim can have fixed
probabilities, failure distributions, repair distributions, crews, spares, etc. In other words, fault tree event blocks can
have all the properties that an RBD block can have. This is an enhancement and a significant expansion over

traditional fault trees, which generally include just a fixed probability of occurrence and/or a constant failure rate.

Basic Event

A basic event (or failure event) is identical to an RBD block and has been traditionally represented by a circle.
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Undeveloped Event

An undeveloped event has the same properties as a basic event with the exception that it is graphically rendered as a
diamond. The diamond representation graphically illustrates that this event could have been expanded into a separate
fault tree but was not. In other words, the analyst uses a different symbol to convey that the event could have been
developed (broken down) further but he/she has chosen not to do so for the analysis.

House Event

A house event is an event that can be set to occur or not occur (i.e., it usually has a fixed probability of 0 or 1). It is
usually used to turn paths on or off or to make paths of a tree functional or non-functional. Furthermore, the terms
failed house and working house have been used to signify probabilities of 0 and 1 respectively. In BlockSim, a house
shape is available for an event and a house event has the same properties as a basic event, keeping in mind that an

event can be set to Cannot Fail or Failed from the block properties window.

Conditional Event

A conditional event is represented by an ellipse and specifies a condition. Again, it has all the properties of a basic
event. It can be applied to any gate. As an example, event C'in the first figure below would be the conditional event

and it would be represented more applicably by an ellipse than a circle, as shown in the second figure below.
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Comparing Fault Trees and RBDs

The most fundamental difference between fault tree diagrams and reliability block diagrams is that you work in the
success space in an RBD while you work in the failure space in a fault tree. In other words, the RBD considers
success combinations while the fault tree considers failure combinations. In addition, fault trees have traditionally
been used to analyze fixed probabilities (i.e., each event that comprises the tree has a fixed probability of occurring)
while RBDs may include time-varying distributions for the success (reliability equation) and other properties, such
as repair/restoration distributions. In general (and with some specific exceptions), a fault tree can be easily converted
to an RBD. However, it is generally more difficult to convert an RBD into a fault tree, especially if one allows for
highly complex configurations.

As you can see from the discussion to this point, an RBD equivalent exists for most of the constructs that are
supported by classical fault tree analysis. With these constructs, you can perform the same powerful system analysis,
including simulation, regardless of how you choose to represent the system thus erasing the distinction between fault
trees and reliability block diagrams.

The following example demonstrates how you can model the same analysis scenario using either RBDs or fault trees
in BlockSim. The results will be the same with either approach. This discussion presents the RBD and fault tree
solutions together so you can compare the methods. As an alternative, you could also review RBD Model 11 and
Fault Tree Model [1], which present the steps for each modeling approach separately.
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Problem Statement

Assume that a component can fail due to six independent primary failure modes: A, B, C, D, E and F. Some of these
primary modes can be broken down further into the events that can cause them, or sub-modes. Furthermore, assume

that once a mode occurs, the event also occurs and the mode does not go away. Specifically:

e The component fails if mode A, B or C occurs.

* If mode D, E or F occurs alone, the component does not fail; however, the component will fail if any two (or
more) of these modes occur (i.e., Dand E ; D and F ; E and F).

* Modes D, E and F have a constant rate of occurrence (exponential distribution) with mean times of occurrence of
200,000, 175,000 and 500,000 hours, respectively.

* The rates of occurrence for modes A, B and C depend on their sub-modes.

Do the following:

. Determine the reliability of the component after 1 year (8,760 hours).
. Determine the B10 life of the component.

1
2
3. Determine the mean time to failure (MTTF) of the component.
4. Rank the modes in order of importance at 1 year.

5

. Recalculate results 1, 2 and 3 assuming mode B is eliminated.

To begin the analysis, modes A, B and C can be broken down further based on specific events (sub-modes), as

defined next.

Mode A

There are five independent events (sub-modes) associated with mode A : events S1, S2, T1, T2 and Y. It is assumed
that events S1 and S2 each have a constant rate of occurrence with a probability of occurrence in a single year (8,760
hours) of 1 in 10,000 and 1 in 20,000, respectively. Events T1 and T2 are more likely to occur in an older component
than a newer one (i.e., they have an increasing rate of occurrence) and have a probability of occurrence of 1 in
10,000 and 1 in 20,000, respectively, in a single year and 1 in 1,000 and 1 in 3,000, respectively, after two years.
Event Y also has a constant rate of occurrence with a probability of occurrence of 1 in 1,000 in a single year. There

are three possible ways for mode A to manifest itself:

1. Events S1 and S2 both occur.
2. Event T1 or T2 occurs.
3. Event Y and either event S1 or event S2 occur (i.e., events Y and S1 or events Y and S2 occur).

RBD Solution for Mode A

The RBD that satisfies the conditions for mode A is shown in the figure below.

Each mode is identified in the RBD. Furthermore, two additional items are included: a starting block (NF) and an
end node (2/2). The starting block and the end node are set so they cannot fail and, therefore, will not affect the

results. The end node is used to define a 2-out-of-2 configuration (i.e., both paths leading into the node must work).
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Fault Tree Solution for Mode A

The fault tree for mode A is shown in the figure below.

Mode A

Top Event

T

5 0 ﬁé

Each mode is identified as an event in the fault tree. The following figure shows an alternative representation for

mode A using mirrored events for S1 and S2.

Mode A

Top Event

A
A

8
A

Mode A Discussion



http://reliawiki.org/index.php?title=File%3A7.png
http://reliawiki.org/index.php?title=Fault_Tree_Diagrams_and_System_Analysis%23Using_Mirrored_Blocks_to_Represent_Complex_RBDs_as_FTDs
http://reliawiki.org/index.php?title=File%3A8.png

Fault Tree Diagrams and System Analysis 234

The system reliability equation for this configuration (regardless of how it is drawn) is:
R(t} = = QRTQ - RSl - RSQ - RTl - Ry

+ Ryy - Rs1 - Rsa - Ry

+ Rra - Rs1 - Rry - Ry

+ Ryy - Rsy - Ry - Ry
Based on the given probabilities, distribution parameters are computed for each block (either RBD block or the fault
tree event block). One way is to compute them using the Parameter Experimenter, as shown in the figure below. In
this figure and for S1, the probability is 1 in 10,000 in one year (8,760 hours), thus the exponential failure rate is
1.1416e-8. This can be repeated for S2 and Y.

{2} Unreliability and a Parameter

Unreliabiity 0.0001 |

Lambda 1.14160959284643E-08

SYNTHESIS

wmﬁ%w '«M%

| iﬁ‘

Events T1 and T2 need to be modeled using a life distribution that does not have a constant failure rate. Using
BlockSim's Parameter Experimenter and selecting the Weibull distribution, the parameter values for events T1 and

T2 are shown in the figures below.
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(1 Unreliability and a Parameter
(2 Two Unreliability Points

Time 8760
Unreliabiity 0.0001

e

Beta ‘ 3.32257760538375

140081.94621565

SYNTHESIS

A

Mode B

There are three dependent events associated with mode B : events BA, BB and BC.

¢ Two out of the three events must occur for mode B to occur.

o Events BA, BB and BC all have an exponential distribution with a mean of 50,000 hours.

o The events are dependent (i.e., if BA, BB or BC occurs, then the remaining events are more likely to
occur). Specifically, when one event occurs, the MTTF of the remaining events is halved.

This is basically a load sharing configuration. The reliability function for each block will change depending on the

other events. Therefore, the reliability of each block is not only dependent on time, but also on the stress (load) that

the block experiences.

RBD Solution for Mode B

The reliability block diagram for mode B is shown in the figure below.
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BA

BB

BC

B Events
(2-out-of-3 Load Share)

Fault Tree Solution for Mode B

The fault tree for mode B is shown in the figure below. A Load Sharing gate is used.

Top Event
Mode B
Load Share Gate

BB

Mode B Discussion

To describe the dependency, a Load Sharing gate and dependent event blocks are used. Since the failure rate is
assumed to be constant, an exponential distribution is used. Furthermore, for simplicity, an Arrhenius life-stress
relationship is used with the parameters B=2.0794 and C=6250.
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Mode C

There are two sequential events associated with mode C : CA and CB.

¢ Both events must occur for mode C to occur.
» Event CB will only occur if event CA has occurred.
¢ If event CA has not occurred, then event CB will not occur.
* Events CA and CB both occur based on a Weibull distribution.
¢ For event CA, ﬁ: 2 and M= 30,000 hours.
+ For event CB, 3= 2 and 7= 10,000 hours.
RBD Solution for Mode C

To model this, you can think of a scenario similar to standby redundancy. Basically, if CA occurs then CB gets

initiated. A Standby container can be used to model this, as shown in the figure below.

Standby Container

In this case, event CA is set as the active component and CB as the standby. If event CA occurs, CB will be initiated.

For this analysis, a perfect switch is assumed. The properties are set in BlockSim as follows:

Contained Items
¢ CA : Active failure distribution, Weibull distribution ( .5: 2, 1= 30,000).
e CA : Quiescent failure distribution: None, cannot fail or age in this mode.

¢ CB : Active failure distribution, Weibull distribution ( ﬁ: 2, M= 10,000).
* CB : Quiescent failure distribution: None, cannot fail or age in this mode.

Switch
* Active Switching: Always works (100% reliability) and instant switch (no delays).
* Quiescent Switch failure distribution: None, cannot fail or age in this mode.

Fault Tree Solution for Mode C

The fault tree for mode C is shown in the figure below. Note that the sequence is enforced by the Standby gate (used

as a Sequence Enforcing gate).
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Top Event
Mode C
Standby Gate
(Sequence Enforcing)

Mode C Discussion

The failure distribution settings for event CA are shown in the figure below.

=] % Operation
fk{)my cyde 1
.F - Active/Standby Active

%—E] Reactivate after repair

[7] Operates evenif systemis down
= 5 Supplemental Costs
.— Cost per Failure Default - No Cost

L~ Downtime rate (§/Hr)

—j’g{ Corrective Task Default - Cannot Be Repaired
2 8= Scheduled Tasks

L No scheduled maintenance tasks are selectad.

e |. - L w)w‘ i it
: Block name CA = ® URD ]CA o =
- Block description | | Model - Failwe  C4 Model [WE2 (15000, B

I (Hn) 30000.0000)]

Default -No Cost

& {4 Maintenance Group

[I2 1dentifiers
il Tt

= &
%1 Hierarchy
Aciive Hodk |CA ) snied & & L &
| Editing block properties

JigEd

The failure distribution properties for event CB are set in the same manner.
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Modes D, E and F
Modes D, E and F can all be represented using the exponential distribution. The failure distribution properties for
modes D, E and F are:

e D:MTTF = 200,000 hours.

e E:MTTF = 175,000 hours.
e F:MTTF = 500,000 hours.

The Entire Component

The last step is to set up the model for the component based on the primary modes (A, B, C, D, E and F). Modes A,
B and C can each be represented by single blocks that encapsulate the subdiagrams already created. The RBD in the
first figure below represents the primary failure modes for the component while the fault tree in second figure below
illustrates the same. The node represented by 2/3 in the RBD indicates a 2-out-of-3 configuration. The Voting OR

gate in the fault tree accomplishes the same. Subdiagrams are used in both configurations for the sub-modes.

o XK

*

TOP Event
Main Component

600

Once the diagrams have been created, the reliability equation for the system can be obtained, as follows:
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R(t)s«gscsm =R(i), - R(t)g - R(t). - R(t), - R(t)s
+ R(t), - B(t)g - B(t)p- R(t)e - RB(t) g
+ R(t).i ) R{t)B ) R(t)D ) R(t)c 'R{t)E
—2(R(t) 4 - R(t)g - R(t)p- RB(t)p - B(t)c - R(t)g)
where R(f-),;, R(f-) gand R(t)gare the reliability equations corresponding to the sub-modes.

Analysis and Discussion

The questions posed earlier can be answered using BlockSim. Regardless of the approach used (i.e., RBD or FTA),

the answers are the same.

1. The reliability of the component at 1 year (8,760 hours) can be calculated using the Analytical Quick

Calculation Pad (QCP) or by viewing the reliability vs. time plot, as displayed in the following figure.
R(t = 8760) = 86.4975%,

Reliability vs. Time

1.00 == 1, Component
—
Ao
o
0 Time, (1) 60000.00

2. Using the Analytical QCP, the B10 life of the component is estimated to be 7,373.94 hours.
3. Using the Analytical QCP, the mean life of the component is estimated to be 21,659.68 hours.

4. The ranking of the modes after 1 year can be shown via the Static Reliability Importance plot, as

shown in the figure below.
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Static Reliability Importance
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Time = 8760

5. Re-computing the results for 1, 2 and 3 assuming mode B is removed:
a) R(t=8760) =98.72%.
b) B10 = 16,928.38 hours.
¢) MTTF = 34,552.89 hours.

There are multiple options for modeling systems with fault trees and RBDs in BlockSim. The first figure below
shows the complete fault tree for the component without using subdiagrams (Transfer gates) while the second figure
below illustrates a hybrid analysis utilizing an RBD for the component and fault trees as the subdiagrams. The results

are the same regardless of the option chosen.

606ée 000
500 60

Fault tree for the component without using subdiagrams (Transfer gates)
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BA B BC B BB

A hybrid solution using an RBD for the component and fault

trees as subdiagrams.

Using Mirrored Blocks to Represent Complex RBDs as FTDs

A fault tree cannot normally represent a complex RBD. As an example, consider the RBD shown in the figure

-0
-8

A fault tree representation for this RBD is:

below.

Ey ME
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Note that the same event is used more than once in the fault tree diagram. To correctly analyze this, the duplicate
events need to be set up as "mirrored" events to the parent event. In other words, the same event is represented in two

locations in the fault tree diagram. It should be pointed out that the RBD in the following figure is also equivalent to

the RBD shown earlier and the fault tree of the figure shown above.
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Fault Trees and Simulation

The slightly modified constructs in BlockSim erase the distinction between RBDs and fault trees. Given this, any

analysis that is possible in a BlockSim RBD (including throughput analysis) is also available when using fault trees.

As an example, consider the RBD shown in the first figure below and its equivalent fault tree representation, as
shown in the second figure.
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Furthermore, assume the following basic failure and repair properties for each block and event:

e Block A:

o Failure Distribution: Weibull; 3 = 1 /’ 3= 1,000
o Corrective Distribution: Weibull; 8= 1-5; n = 100,
* Block B:
o Failure Distribution: Exponential; / — 10,000,
o Corrective Distribution: Weibull; 3 = 1.5; 7 = 20,
* Block C:
o Failure Distribution: Normal; ff = 1,000; o = 200.
o Corrective Distribution: Normal; ; — 6; og=2
* Block D:
o Failure Distribution: Weibull; 8= 1-5; n = 10,000,
o Corrective Distribution: Exponential; it = 10,
* Block E:
o Failure Distribution: Weibull; 8= 3; n = 1,000,
o Corrective Distribution: Weibull; 3 = 1.5; 7 = 20,
* Block F:

o Failure Distribution: Weibull; 8= 1-5; n = 5,000,
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o Corrective Distribution: Weibull; .ﬁ = 1-5; n= 100,
¢ Block G:

o Failure Distribution: Exponential; it = 100, 000,

o Corrective Distribution: Weibull; .ﬁ = 1-5; n= 10,
e Block H:

o Failure Distribution: Normal; /£ = 3, DDD; g = b0,

o Corrective Distribution: Normal; 1 = 1U; g =2

A sample table of simulation results is given next for up to t =1,000, using 2, 000simulations for each diagram

and an identical seed.

Sample Results

RBD FT
Mean Availability (All Events) 0.9309 0.93
Expected Number of Failures: 1.295 1.2925
MTTFF: 757.5402 749.8104
Uptime: 930.8632 930.0425
Total Downtime: 69.1368 69.9575

As expected, the results are equivalent (within an expected difference due to simulation) regardless of the diagram
type used. It should be pointed out that even though the same seed was used by both diagrams, the results are not
always expected to be identical because the order in which the blocks are read from a fault tree diagram during the
simulation may differ from the order in which they are read in the RBD; thus using a different random number
stream for each block (e.g., block G in the RBD may receive a different sequence of random numbers than event
block G in the FT).

Additional Fault Tree Topics

Minimal Cut Sets

Traditional solution of fault trees involves the determination of so-called minimal cut sets. Minimal cut sets are all
the unique combinations of component failures that can cause system failure. Specifically, a cut set is said to be a
minimal cut set if, when any basic event is removed from the set, the remaining events collectively are no longer a
cut set, as discussed in Kececioglu [10]. As an example, consider the fault tree shown in the figure below. The
system will fail if {1, 2, 3 and 4 fail} or {1, 2 and 3 fail} or {1, 2 and 4 fail}.
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Top

AND

All of these are cut sets. However, the one including all components is not a minimal cut set because, if 3 and 4 are
removed, the remaining events are also a cut set. Therefore, the minimal cut sets for this configuration are {1, 2 , 3}
or {1, 2, 4}. This may be more evident by examining the RBD equivalent of the figure above, as shown in the figure

below.

Start

BlockSim does not use the cut sets methodology when analyzing fault trees. However, interested users can obtain

these cut sets for both fault trees and block diagrams with the command available in the Analysis Ribbon.
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Chapter 10

Reliability Phase Diagrams (RPDs)

The term phase diagram is used in many disciplines with different meanings. In physical chemistry, mineralogy and
materials science, a phase diagram is a type of graph used to show the equilibrium conditions among the
thermodynamically-distinct phases. In mathematics and physics, a phase diagram is used as a synonym for a phase
space. In reliability engineering, we introduce the term phase diagram, or more specifically Reliability Phase
Diagram or RPD, as an extension of the reliability block diagram (RBD) approach to graphically describe the
sequence of different operational and/or maintenance phases experienced by a system. Whereas a reliability block
diagram (RBD) is used to analyze the reliability of a system with a fixed configuration, a phase diagram can be used
to represent/analyze a system whose reliability configuration and/or other properties change over time. In other
words, during a mission the system may undergo changes in its reliability configuration (RBD), available resources

or the failure, maintenance and/or throughput properties of its individual components. Examples of this include:

1. Systems whose components exhibit different failure distributions depending on changes in the stress on the
system.

2. Systems or processes requiring different equipment to function over a cycle, such as start-up, normal
production, shut-down, scheduled maintenance, etc.

3. Systems whose RBD configuration changes at different times, such as the RBD of the engine configuration
on a four-engine aircraft during taxi, take-off, cruising, and landing.

4. Systems with different types of machinery operating during day and night shifts and with different amounts
of throughput during each shift.

To analyze such systems, each stage during the mission can be represented by a phase whose properties are inherited
from an RBD corresponding to that phase's reliability configuration, along with any associated resources of the
system during that time. A phase diagram is then a series of such phases drawn (connected) in a sequence signifying
a chronological order.

To better illustrate this, consider the four-engine aircraft mentioned previously. Assume that when a critical failure
(system failure) occurs during taxiing, the airplane does not take off and is sent for maintenance instead. However,
when a critical failure occurs during take-off, cruising, landing, the system is assumed to be lost. Furthermore,
assume that the taxi phase requires only one engine, the take-off phase requires all four engines, the cruising phase
requires any three of the four engines and the landing phase requires any two of the four engines. To model this, each
one of these cases would require a different k-out-of-n redundancy on the engines and thus a different RBD. Creating
an RBD for each phase is trivial. However, what you need is a way to transition from one RBD to the next, in a
specified sequence, while maintaining all the past history of each component during the transition.

In other words, a new engine would transition to the take-off phase with an age equal to the time it was used during
taxi, or an engine that failed while in flight would remain failed in the next phase (i.e., landing). To model this, a
block for each phase would be used in the phase diagram, and each phase block would be linked to the appropriate
RBD. This is illustrated in the figure below.
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In this figure, the taxiing, take-off, cruising and landing blocks represent the operational phases and the final block is
a maintenance phase. Each of the operational phases in this diagram has two paths leading from it: a success path
and a failure path. This graphically illustrates the consequences in each case. For instance, if the first taxiing phase is
successful, the airplane will proceed to the take-off phase; if it is unsuccessful, the airplane will be sent for
maintenance. The failure paths for the take-off, cruising and landing phases point to stop blocks, which indicate that
the simulation of the mission ends. For the final taxiing phase, both the success and failure paths lead to the

maintenance path; the node block allows you to model this type of shared outcome.

The execution of a phase diagram from its first phase to its last phase is referred to as one cycle. For example, for the
airplane mentioned above, a single mission from the initial taxiing through the post-flight maintenance is one cycle.
If the simulation end time exceeds the total duration of one cycle of a phase diagram, the simulation continues and
the phase diagram is executed multiple times until the simulation end time is reached. Execution of a phase diagram
multiple times during a simulation is referred to as cycling. During cycling, the age of components accumulated in
the last phase of the previous cycle is carried over to the first phase of the next cycle. The principle of cumulative
damage is used to transfer the age across phases for each component (block). In summary, cycling is used to model
the continuous operation of a system involving repetition of the same phases in the same sequence (e.g., an airplane
making multiple flights).

The sections that follow describe the types of phase blocks and other blocks that can be used in a phase diagram, as
well as how those blocks can be connected. A more detailed example is then presented, followed by a discussion of
the rules and assumptions that apply in phase diagram simulation. Finally, throughput in phase diagrams is

discussed.
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Phase Blocks

Operational Phases

In RPDs, two types of phases are used: operational phases and maintenance phases. An operational phase is used to
represent any stage of the system's mission that is not exclusively dedicated to the execution of maintenance tasks.
Operational phases are always defined by (linked to) an RBD. Each operational phase has a fixed, predefined time

duration.

Operational Phase Properties

Diagram The diagram property is used to associate an RBD with a phase. You can select and associate any existing
simulation RBD with a phase. Note that common components across different RBDs are identified by name. In other
words, a component with the exact same name in two RBDs is assumed to be the same component working in two

different phases.

Phase Duration The duration of an operational phase is fixed and needs to be specified. However, this duration may
be affected by the choice of path you choose followed by this phase. If a failure has not occurred by the end of the
specified phase duration, the simulation will proceed along the success path leading from the phase block. If a failure

occurs, the simulation will proceed along the failure path leading from the phase block.

Phase Duty Cycle This property allows you to specify a common duty cycle value for the entire RBD that the phase
represents, thereby modeling situations where the actual usage of the RBD during system operation is not identical to

the usage for which you have data (either from testing or from the field). This can include situations where the item:

* Does not operate continuously (e.g., a DVD drive that was tested in continuous operation, but in actual use within
a computer accumulates only 18 minutes of usage for every hour the computer operates).

» Is subjected to loads that are greater than or less than the rated loads (e.g., a motor that is rated to operate at 1,000
rpm but is being used at 800 rpm).

» Is affected by changes in environmental stress (e.g., a laptop computer that is typically used indoors at room

temperature, but is being used outdoors in tropical conditions).

In these cases, continuous operation at the rated load is considered to be a duty cycle of 1. Any other level of usage is
expressed as a percentage of the rated load value or operating time. For example, consider the DVD drive mentioned
above; its duty cycle value would be 18 min / 60 min = 0.3. A duty cycle value higher than 1 indicates a load in

excess of the rated value.

If a duty cycle is specified for the phase and there are also duty cycles specified for blocks within the RBD, their
effects are compounded. For instance, consider the aircraft example given earlier. During the take-off phase, the
subsystems experience 1.5 times the normal stress, so you would use a phase duty cycle value of 1.5. We also know
that the landing gear is not used continuously during take-off. Assume that the landing gear is actually in use only
30% of the time during take-off. Each landing gear block in the RBD, then, would have a duty cycle value of 0.3.
For each block, the effects of the phase duty cycle and the block duty cycle are compounded, yielding an effective
duty cycle value of 1.5 x 0.3 = 0.45.

Maintenance Phases

A maintenance phase represents the portion of a system's mission time where the system is down and maintenance
actions are performed on some or all of its components. For representation ease a maintenance phase is defined by
(linked to) a maintenance template. This template can be thought of as a list, or a collection, of the specific
components (blocks) that are designated to undergo inspection, repair or replacement actions during the maintenance
phase, along with their maintenance priority order. In other words, if blocks A, B and C are to undergo maintenance

during a specific phase, they are placed in a maintenance template in a priority sequence. Depending on the resources
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available, the actions are prioritized as resources permit. That is, if three repair crews were available along with three
spare parts, actions on A, B and C would be carried out simultaneously. However, if only one crew was available,
the actions would be carried out based on the priority order defined in the template. Given that all aspects of
maintenance can be probabilistically defined, the duration of a maintenance phase, unlike an operational phase, is not
fixed and the phase lasts as long as it takes to complete all actions specified in the phase. To illustrate this, consider a
race car that competes in two races, and even though corrective repair actions can be done during each race as
needed, the race car then undergoes a major overhaul (i.e., series of maintenance actions). For this example assume
the major sub-systems of the car undergoing these maintenance tasks are the engine, the transmission, the suspension
system and the tires. The operation of the race car can then be represented as a phase diagram consisting of two
operational phases, representing the two races, and one maintenance phase representing the maintenance activities.

The figure below shows such a phase diagram along with the maintenance template.

l ' Y

Maintenance

Transmission
(#2)

Suspension
System
(#3)

Maintenance Phase Properties

Maintenance Template

This specifies the maintenance template to be used in the currently selected maintenance phase.
Interval Maintenance Threshold

The Interval Maintenance Threshold property provides the ability to add some flexibility to the timing of scheduled
maintenance tasks. In other words, tasks based on system or item age intervals (fixed or dynamic) will be performed
if the start of the maintenance phase is within (1-X)% of the scheduled time for the action. It is used to specify an
age interval when a maintenance task will be performed. This helps in optimizing the resources allocated to repair
the system during a maintenance phase by performing preventive maintenance actions or inspections when the
system is already down in a maintenance phase. For example, a preventive maintenance action is scheduled for a car

(e.g., an oil change, tire rotation, etc.) every 60,000 miles, but a system downing failure of an unrelated component
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occurs at 55,000 miles. Here the system age threshold will determine whether the preventive maintenance will be
performed earlier than scheduled. If the Interval Maintenance Threshold is 0.9, the preventive maintenance will be
performed since the failure occurred after the system accumulated 91.67% of the time to the scheduled maintenance
or is within 8.33%, (60,000-55,000)/60,000= 8.33%, of the system age at which the preventive maintenance was
originally scheduled. If the system age threshold was 0.95, the preventive maintenance will not be performed at
55,000 miles, since the system failure did not occur within 5% of the system age at which the preventive
maintenance was originally scheduled (1-0.95=0.05 or 5%).

For example, consider a system that has two components: Block A and Block B. The system undertakes a mission
that can be divided into two phases. The first phase is an operational phase with a duration of 1,370 hours, with both
the components in a parallel configuration. In this phase, Block A fails every 750 hours while Block B fails every
1,300 hours. Corrective maintenance on Block A in this phase requires 100 hours to be completed. A preventive
maintenance of 20 hours duration also occurs on Block A every 500 hours. No maintenance can be carried out on
Block B in this phase.

The second phase of the mission is a maintenance phase. In this phase, Block A has the same maintenance actions as
those in the first phase. A corrective maintenance of 100 hours duration is defined for Block B. Phase 2 also has a
value of 0.70 set for the Interval Maintenance Threshold. All maintenance actions during the entire mission of the
system have a type II restoration factor of 1.

Start { n\ . End

RBD for Phase 1

Phase Diagram
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) Block A Block B
Name Type Duration Failure CM PM PM_ Failure CM_ PM PM.
Duration | Interval | Duration Duration | Interval | Duration

Phase 1 | Operational 1370 750 100 500 20 1300 None None None

Phase 2 | Maintenance N/A N/A 100 500 20 N/A 100 Mone None

The system behavior from 0 to 3,500 hours is shown in the plot below and described next.

Block Up/Down
State

Cperaling Time

Block B 13060 1470 2770 2040 — Time Under Regair
Dt not el st (LI

500 520 1370 1590 2500 530
Block A 100G 10200 2000 30D 000 Z000
System Ll I—I
000 1370000 2E40,000 300,000

Tirvwe, [t}

1. Phase 1 begins at time O hours. The duration of this phase is 1,370 hours.

. At 500 hours, the first of the scheduled PMs for Block A begins. The duration of these maintenance tasks is 20
hours. The scheduled maintenance ends at 520 hours.

. At 1,000 hours, another PM occurs for Block A based on the set policy. This maintenance ends at 1,020 hours.
. At 1,300 hours, Block B fails after accumulating an age of 1,300 hours. A system failure does not occur
because Block B is in a parallel configuration with Block A in this phase. Repairs for Block B are not defined
in this phase. As a result Block B remains in a failed state.

. At 1,370 hours, phase 1 ends and phase 2 begins. Phase 2 is a maintenance phase. Block B is repairable in this
phase and has a CM duration of 100 hours. As a result, repairs on Block B begin and are completed at 1,470
hours. Block A has the next PM scheduled to occur at 1,500 hours. However, phase 2 has an Interval
Maintenance Threshold of 0.7 for Preventive and Inspection Policies. The time remaining to the next PM is
130 hours (1,500-1,370 = 130 hours). This remaining time over the PM policy time of 500 hours is 26%. This
is within 0.3 (1-0.70 = 0.3) or 30% corresponding to the threshold value of 0.70. Thus the PM task that is to
occur at 1,500 hours is carried out in the maintenance phase from 1,370 hours to 1,390 hours, while no PM
occurs at 1,500 hours. All maintenance actions are completed by 1,470 hours and phase 2 ends at this time.

This completes the first cycle of operation for the phase diagram.

6. At 1,470 hours, phase 1 begins in the second cycle.

. At 2,000 hours, the next PM for Block A begins. This maintenance ends at 2,020 hours.
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8. At 2,500 hours, another PM is carried out on Block A and is completed by 2,520 hours.

9. At 2,770 hours, Block B fails in the second cycle of phase 1 after accumulating an age of 1,300 hours. Since
no repair is defined for the block in this phase, it remains in a failed state.

10. At 2,840 hours, phase 1 completes its duration of 1,370 hours and ends. Phase 2 begins in the second cycle
and the corrective maintenance, defined for a duration of 100 hours for Block B, begins. This repair action
ends at 2,940 hours. For Block A, the time remaining until the next PM at 3,000 hours is 160 hours (3000-2840
= 160 hours). This remaining time over the PM policy of 500 hours is 32%. This is not within 30%
corresponding to the threshold value of 0.70. Thus the PM due at 3,000 hours is not considered close enough to
the beginning of the maintenance phase and is not carried out in this phase. At 2,940 hours, all maintenance
actions are completed in phase 2 and phase 2 ends. This also completes the second cycle of operation for the
phase diagram.

11. At 2,940 hours, phase 1 begins in the third cycle.

12. At 3,000 hours, the scheduled maintenance on Block A occurs. This PM ends at 3,020 hours.

13. At 3,500 hours, the simulation ends.

Success/Failure Paths

For a failure path, on system failure, the system goes to somewhere immediately when the failure occurs. For a
success path, if there is no system failure during this phase, the system goes to somewhere by the end of the current
phase.

In BlockSim 7, there was only one path from each phase. The failure outcome for each phase was defined via a
drop-down list. The success and failure paths used in BlockSim 8 and above make it easy to see what will happen
upon success or failure for each block. They also allow you to create more complex phase diagrams, in which
success and failure may lead to entirely different sets of phases. In addition, they offer an additional possible
outcome of failure. Previously, the outcome of failure could be maintenance, stopping the simulation or continuing

the simulation; now another possible outcome of failure can be continuing simulation on a different path.

For example, consider a system whose RBDs for Phase 1 and Phase 2 are as shown in the figure below:

s 00

RBD for Phase 1 RBD for Phase 2

Start

In Phase 1, Block A follows Weibull distribution with Beta = 1.5 and Eta = 1000 hours. Block B follows Weibull

distribution with Beta = 1.5 and Eta = 1200 hours. No maintenance.

In Phase 2, Block A follows Weibull distribution with Beta = 1.5 and Eta = 900 hours. Block B follows Weibull

distribution with Beta = 1.5 and Eta = 1150 hours. No maintenance.
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Scenario 1

Suppose the phase diagram is as shown next. The maintenance phase has a CM with duration 80 hours and PM with
duration 20 hours for both Block A and B. Phase 1 has a duration 100 hours and Phase 2 has a duration 500 hours. If
there is no failure in Phase 1, upon finish, it goes to Phase 2. If there is a failure in Phase 1, it would immediately go
to Maintenance Phase 3. If there is no failure in Phase 2, upon finish, it goes back to Phase 1. If there is a failure in

Phase 2, it would immediately go to Maintenance Phase 3.

5" "Success

[ E R EN
Phase 3

The Block Up/Down plot is shown below:

1. At the first cycle (0-100 hours for Phase 1 and 200-600 hours for Phase 2), there is no failure, thus after Phase 2,
Phase 1 is executed (back to Phase 1 after this cycle).

2. At 616 hours (Phase 1 of the second cycle), Block A fails. The system doesn't enter Maintenance Phase 3
immediately because in Phase 1, Block A and Block B are parallel. Failure of only Block A does not bring the
system down.

3. At 700 hours, after Phase 1, the system goes into Phase 2. In Phase 2, the failure of Block A (passed from Phase
1) brings the system down because in Phase 2, Block A is in series with Block B. Thus the system goes into
Maintenance Phase 3 immediately. Block B is not down, thus it gets PM with duration 20 hours. Block A gets
CM with duration 100 hours.

4. At 1669 hours, Block A fails in Phase 2, which brings down the system and the system goes into Maintenance
Phase 3 immediately. Block A gets CM and Block B gets PM.
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Scenario 2

Now suppose that the phase diagram is as follows, where everything is the same as in Example 1 except that the path
from Phase 2 to Maintenance Phase 3 changes from a failure path to a success path. This means that whether or not
there is a failure in Phase 2, the system would go to the Maintenance Phase 3 after Phase 2. But if there is a failure in

Phase 2, the system would go to the Maintenance Phase 3 after Phase 2, not immediately.

L “Success

The Block Up/Down plot is shown below:

1. At 219 hours, Block A fails in Phase 2. This failure brings the system down. However, since the path from Phase
2 to Maintenance Phase 3 is a success path, the system doesn't go into Maintenance Phase 3 immediately. Instead,
it goes into Maintenance Phase 3 after Phase 2 ends. Block A gets CM and Block B gets PM in the maintenance
phase.

2. At 1934 hours, Block B fails in Phase 1. This failure doesn't bring the system down because in Phase 1, the
system is in parallel structure. After Phase 1, the system goes into Phase 2 and the failure of Block B brings they
system down in Phase 2. However, the system doesn't go into Maintenance Phase 3 immediately because the path
between them is a success path. The system goes into Maintenance Phase 3 after Phase 2 ends, and Block B gets
CM and Block A gets PM there.
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Starting with Version 8, the two possible outcomes of an operational phase block are modeled using success and

failure paths. Where previously a failure outcome was defined as part of the operational phase block's properties, it is

now graphically represented within the diagram. Node blocks and stop blocks are provided to allow you to build

configurations that are both accurate and readable.

Node Blocks

The purpose of a node block is simply to enable configurations that would otherwise not be possible due to

limitations on connecting blocks. For example, consider an instance where maintenance is scheduled to be performed

after the operational phase has completed successfully, and if a failure occurs during simulation, that maintenance

will take place upon failure. In this case, the operational phase block's success and failure outcomes are identical.

Success paths and failure paths cannot be identical in phase diagrams, however, so you would model this

configuration in one of two ways:

 If the operational phase stops upon failure of the block and the simulation moves to the next phase along the

success path, you would use a node block to model this configuration, as shown next.
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§" “Success

" Maintenance
Phase 1

 If the operational phase continues for the specified duration despite failure and the simulation then moves to the

next phase along the success path, you would simply not create a failure path.

 If there is only one path, the success path observed for a phase, then on system failure at this phase, the
"continue simulation" rule of BlockSim 7 applies. Under "continue simulation,” when a system failure occurs,
repairs begin as per the repair policy selected and the time to restore the system is part of the operational
phase's time. In other words, the repairs continue in the operational phase until the system is up again. If the
repairs are not completed before the phase ends, the repairs continue into the next phase. Thus, under this rule
the duration of an operational phase is not affected by a system failure. As an example of this rule, consider a
production line operating in two phases: a day shift and a night shift. A failure occurs in the day shift that
renders the production line non-operational. Repair of the production line begins immediately and continues
beyond the day shift. The production line is back up after midnight. In this case, the repair of the production
line exhausts all of the duration of the day shift phase from the time of the failure to the end of the phase. Some

part of the night shift phase is also exhausted.

Node blocks can have unlimited incoming connections and a single outgoing connection.
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Stop Blocks

Stop blocks indicate that the simulation of the mission ends. A new simulation may then begin, if applicable. This is

useful in situations where maintenance is not possible upon failure.

S "Success

Stop blocks can have unlimited incoming connections. No outgoing connections can be defined for stop blocks.

When a path leads to a stop node, it is the same as the option "Start New Simulation" in BlockSim 7, which would
halt the simulation and effectively means the end of the mission if the system fails. Specifically, if a failure path
leads to a stop node the execution of the current operational phase and all phases that follow the current phase is
halted, and the mission aborted. The stop node can be used to model a system whose failure cannot be repaired and
the mission has to be aborted if a failure occurs. A good example of this would be the aircraft case discussed

previously. A catastrophic failure during cruising would end the mission.

Subdiagram Phase Blocks

Subdiagram phase blocks represent other phase diagrams within the project. Using subdiagram phase blocks allows
you to incorporate phase diagrams as phases within other phase diagrams. This allows you to break down extremely
complex configurations into smaller diagrams, increasing understandability and ease of use and avoiding
unnecessary repetition of elements.

Subdiagram phase blocks can have unlimited incoming connections and up to two outgoing connections, which may
include one success path and one failure path. The success path and the failure path must be different; if both success
and failure of the block actually lead to the same outcome, you can use a node block to model this configuration.

To illustrate how subdiagram blocks are handled in BlockSim’s simulations, consider a server that has two shifts
each day, a day shift lasting 8 hours and a night shift lasting 16 hours. Within each shift, it has a peak period and an
off-peak period with different durations.

The RBDs for the Peak phase and the Off-Peak phase are:
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Start

. End

RBD for Peak Phase RBD for Off-Peak Phase

The phase diagrams for the Night Shift and Day Shift are:

5’ “Success

5" "Success 5" "Success

Phase Diagram for Day Shift Phase Diagram for Night Shift

The main phase diagram with phase subdiagram blocks is:

S” “Success
>

Main Phase Diagram

During the Peak phase, the reliability of Block A follows W(1.5,30) and the reliability of Block B follows
W(1.5,40). During the Off-Peak phase, the reliability of Block A follows W(1.5,15) and the reliability of Block B
follows W(1.5,20). In the Day Shift diagram, both blocks have CM and PM with duration = 1 hour; in the Night
Shift diagram, both blocks have CM and PM with duration = 2 hours. In the Day Shift diagram, the duration of the
Off-Peak phase is 4 hours and the duration of the Peak phase is 3 hours. In the Night Shift diagram, the duration of
the Off-Peak phase is 8 hours and the duration of the Peak phase is 6 hours.

The system log for 2 days (48 hours) is shown in the figure below.
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1. At 5.4 hours, in the Peak phase of the Day Shift diagram, Block A fails. After this Peak phase, Block A gets CM
and Block B gets PM in the maintenance phase.

2. At 19.9 hours, in the Peak phase of the Night Shift diagram, Block A fails again. After this Peak phase, Block A
gets CM and Block B gets PM in the maintenance phase.

3. At 40.6 hours, in the Peak phase of the Night Shift diagram, Block A fails again. After this Peak phase, Block A
gets CM and Block B gets PM in the maintenance phase.
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Example: Aircraft Phases with Forced Landing

Consider simulating a flight mission for a four-engine aircraft. The configuration of the aircraft changes at different
time. During the taxiing phase, the navigation system, one out of the four engines and all three landing gears are
needed. During the take-off phase, all four engines, the navigation system and all three landing gears are needed.
During the cruising phase, the navigation system and three of the four engines are required. During the landing
phase, the navigation system, two of the four engines and all three landing gears are required. After finishing a
journey with these four phases, the aircraft goes into a maintenance phase for maintenance. However, in addition to
the four operational phases discussed, there is a special operational phase called the forced landing phase. This phase
is used for modeling the case when there is a failure during take-off, cruising or landing phase, forcing the aircraft to
land. If the forced landing succeeds, the aircraft goes into the maintenance phase. However, if the forced landing

fails, the aircraft crashes and the simulation ends.

The purpose of this example is to illustrate how to create a nonlinear system with Failure/Success links in phase

simulation.
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RBDs and Phase Diagram
The RBDs for the Taxiing phase and the Take-Off phase are:

o-E-a-

Taxiing

The RBDs for other three phases are:

o=

Cruising Landing Forced Landing

= e

Gear 3

The Phase diagram is:

The reliability of the navigation system follows a Weibull distribution with Beta=1.5 and Eta=30 hours. The
reliability of the engines follows a Weibull distribution with Beta = 1.5 and Eta = 20 hours. The reliability of the
landing gears follows a Weibull distribution with Beta = 1.5 and Eta = 15 hours.
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In the maintenance phase, all blocks have CM with duration = 3 hours. CM is performed upon item failure. All

blocks also are subjected to PM with duration = 0.5 hours and the PM is performed when the maintenance phase

starts. Both CM and PM restore the blocks to as good as new.

Block Up/Down plot

1.

At time 5.506 hours, in the Cruising phase, Engine 2 fails. However, this failure doesn't bring the system down
because in the Cruising phase, only three of the four engines are required.

At time 6.41 hours, in the Cruising phase, Engine 1 fails too. This failure brings the system down and the system
goes into the Forced Landing phase immediately.

At time 7.91 hours, the Forced Landing phase is done. No failure happened in this phase, which means the forced
landing is successful. The system goes into the Maintenance phase. All blocks except Engine 1 and Engine 2 get
PM in the Maintenance phase.

At time 10.91 hours, Engine 1 and Engine 2 are done with their CM and the system goes back to the Taxiing
phase.

At time 20.721 hours, in the Cruising phase, Engine 1 fails again. Of course, this failure doesn't bring the system
down.

At time 23.25 hours, in the Cruising phase, Engine 3 fails and this failure brings the system down. The system
goes into the Forced Landing phase. After the Forced Landing phase, the system goes into the Maintenance phase.

7. At time 33.706 hours, in the Cruising phase, Engine 1 fails again. This failure doesn't bring the system down.

At time 34.25 hours, the system goes into the Landing phase.

. At time 34.576 hours, in the Landing phase, Landing Gear 3 fails and this failure brings the system down. The

system goes into the Forced Landing phase immediately.

10. At time 45.953 hours, in the Landing phase, the navigation system fails. This failure brings the system down and

the system goes into the Forced Landing phase immediately. In the Forced Landing phase, the navigation system
is in series with other blocks, the failure of the navigation system brings the system down. Thus there is a system
failure in the Forced Landing phase, which means the forced landing fails and the system goes into the Stop node.

Simulation stops.
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Simulation Rules and Assumptions

When Transferring Interrupted Maintenance Tasks Across Phases

Maintenance tasks in progress during one operational phase can be interrupted if that phase ends before the repair is

completed. For example, a crew delay or spare parts order may extend the duration of a repair beyond the duration of

the phase. As described next, the software handles these interruptions differently, based on the stage in which the

repair was interrupted and whether or not the failed block is present in the next contiguous phase.

1. If a phase ends during the repair of a failed block and the block is present in the next contiguous

phase:

a) If the same task is present in both phases, then the task will continue as-is in the next phase.

This is considered an uninterrupted event, and counts as a single unique event at both the block

and the system level.

b) If the interrupted task is not used in the next phase, then the task is cancelled and new tasks are

applied as needed. In this case, all crew calls are cancelled and spare parts are restocked.

1) If the repair has started or the crew is delayed (crew logistic delay), the call will be

assumed accepted and the component will be charged for it. If the crew was occupied with

another component’s repair, the call will be assumed rejected and hence not charged to the

component.

2) If the call for spare parts incurred emergency charges, those are charged to the block;

otherwise, there are no other charges to the block.
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2. If a phase ends during the repair of a failed block and the block is not present in the next contiguous
phase, then the task is cancelled and new tasks are applied as needed. All crew calls are cancelled and

spare parts are restocked:

a) If the repair has started or the crew is delayed (crew logistic delay), the call will be assumed
accepted and the component will be charged for it. If the crew was occupied with another

component’s repair, the call will be assumed rejected and hence not charged to the component.

b) If the call for spare parts incurred emergency charges, those are charged to the block;

otherwise, there are no other charges to the block.
c¢) Discontinuous events are counted as two distinct events at both the block and the system level.

d) When the system fails in a phase that has a failure path leading to a stop block, the system will
remain down for the remainder of the simulation. From that point on, the blocks that are down are
assumed unavailable and the blocks that are up are assumed operational for availability

calculations.

For Stop Blocks

When a system failure occurs in a phase where the failure path points to a stop block, the simulation is aborted. Once

this failure occurs, the following assumptions apply to the results:
» Components that are under repair or maintenance remain down and unavailable for the rest of the simulation.

» Components that are operating remain up for the rest of the simulation.

For a Maintenance Phase

A system is considered down and unavailable during the execution of a maintenance phase and remains down until
all components have been repaired or maintained according to the properties specified for the maintenance phase. A
maintenance phase is executed when the simulation reaches the phase while progressing through the phase diagram,

either following a success path or a failure path. The following assumptions apply to both cases.
1. When a component enters a maintenance phase in a down state, the following rules apply:

a) If a task is in progress for this component, the event will transfer to the maintenance phase
provided that the same task is present in the maintenance phase. The rules for interrupted tasks

apply as noted above.

b) If the component is failed but no corrective maintenance is in progress (either because the
component was non-repairable in the phase where it failed or because it had a task scheduled to be
executed upon inspection and was waiting for an inspection), a repair is initiated according to the

corrective maintenance properties specified for the component in the maintenance phase.
c) Failed components are fixed in the order in which they failed.
2. When a component enters a maintenance phase in an operating state, the following rules apply:
a) Maintenance will be scheduled as follows:
1) Tasks based on intervals or upon start of a maintenance phase

2) Tasks based on events in a maintenance group, where the triggering event applies to a
block

3) Tasks based on system down

4) Tasks based on events in a maintenance group, where the triggering event applies to a

subdiagram
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Within these categories, order is determined according to the priorities specified in the

maintenance template (i.e., the higher the task is on the list, the higher the priority).

b) An inspection or preventive task may be initiated, if applicable, with inspections taking
precedence over preventive tasks. Inspections and/or preventive tasks are initiated if one of the

following applies:
1) Upon certain events:
a) The task is set to be performed when a maintenance phase starts.

b) The policy is set to be performed based on events in a maintenance group and one
of those events occurs within the one of the specified maintenance groups. Note that
such a triggered maintenance does not follow the priorities specified in the

maintenance template, but is sent to the end of the queue for repair.
c¢) The task is set to be performed whenever the system is down.
2) At certain intervals:

a) The task is set to be performed at a fixed time interval, based on either item age or
calendar time, and the maintenance falls within the maintenance threshold specified

in the maintenance phase.

If the inspection task is not set to bring either the item or the system down, the inspection will still

be considered a downing inspection.
Finally, if a block enters a maintenance phase in a failed state:

1. If the block does not have a corrective task in the maintenance phase but does have an on condition
task, the preventive portion of the on condition task is triggered immediately in order to restore the
block.

2. A maintenance phase will not end until all components are restored. Therefore, if any failed block

does not have a task that restores it, the maintenance phase will not end.

Phase Throughput

Phase throughput is the maximum number of items that a system can process during a particular phase. It is defined
at the phase level as a phase property in an operational phase. For a detailed discussion of throughput at the block
level see Throughput Analysis. Phase throughput can be thought of as the initial throughput that enters the system.
For example, imagine a textile factory that receives different quantities of raw materials during different seasons.
These seasons could be treated as different phases. In this case a phase may be seen as sending a certain quantity of
units to the first component of the system (the textile factory in this case). Depending on the capacity and availability

of the factory, these units may be all processed or a backlog may accumulate.

Alternatively, phase throughput can be used as a constraint to the throughput of the system. An example would be
the start up period in a processing plant. When the plant stops operating, the equipment requires a warm up period
before reaching its maximum production capacity. In this case the phase throughput may be used to limit the
capacity of the first component which in turn would limit the throughput of the rest of the system. Note that there is
no phase-related backlog for this example. In BlockSim this can be modeled by checking the Ignore backlog option

in the Block Properties window for the first component.
Phase throughput can be one of the following:

* Unrestricted throughput specifies that the amount of output the system can process during the phase will be
equal to the amount that the linked diagram can process during the specified phase duration.
* Constant throughput allows you to specify an amount of throughput per unit time that is the same throughout

the entire simulation.
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* Variable throughput allows you to specify an amount of throughput per unit time that varies over the course
of the simulation. For example, the flow of oil from a well may drop over time as the oil reserves are depleted
so the amount of throughput per unit time will decrease as the simulation time increases.

Constant Throughput Example

To examine throughput in phases, consider a phase diagram of three phases with linked RBDs, as shown in the
figure below. Each phase has a duration of 10 hours and all phases are set to continue simulation upon failure.
Blocks A through E process a number of items per hour as identified next to each letter (e.g., A:10 implies that 10
units are processed per hour by block A). Similarly, each phase is marked with the constant throughput sent to the
blocks in the phase (e.g., P1:5 implies phase P1 sends 5 units to its blocks ). For the sake of simplicity, it is assumed
that the blocks can never fail and that items are routed equally to each path (see Throughput Analysis Options). The

ignore backlog option is left unchecked for all blocks in the phase diagram.

RBD for Phase P1 RBD for Phase P2

- =
-

RBD for Phase P3

Phase Diagram

If the phase diagram is run on a throughput simulation with an end time of 60 hours, the following scenario can be

observed:
1. Phase P1 from O to 10 hours
a) Phase P1 sends 5 units in the first hour to block A. The capacity of block A in this phase is 10

units per hour. Block A processes these 5 units with an excess capacity of 5 units in the first hour.

b) The 5 units processed by block A are routed equally over the three paths to blocks B, C and D.
Each of these blocks receives 1.67 units in the first hour. The capacity of each of these blocks is 5
units per hour. Thus, blocks B, C and D each process 1.67 units with an excess capacity of 3.33

units in the first hour.
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¢) Blocks B, C and D route each of their 1.67 units to E. The capacity of E in this phase is 10 units
per hour. E processes the total of 5 units with an excess capacity of 5 units in the first hour.

d) The above steps are repeated for the first ten hours to complete phase P1.

A summary result table for phase P1 is shown next.

Block Throughput Summary

Block Name Throughput | Excess Cap | Backlog [Backlog Processed | Excess Backlog
A 50 50 0 0 0
B 16.6667 33.3333 0 0 0
C 16.6667 33.3333 0 0 0
D 16.6667 33.3333 0 0 0
E 50 50 0 0 0

2. Phase P2 from 10 to 20 hours

a) Phase P2 sends 15 units in its first hour to block A. The capacity of block A in this phase is
changed from the previous phase and is now 6 units per hour. Thus, block A is able to process

only 6 units while there is a backlog of 9 units per hour.

b) The 6 units processed by block A are routed equally to blocks B and D as C is absent in this
phase. Blocks B and D get 3 units each. The capacity of each of these blocks is 5 units per hour.
Thus, blocks B and D process 3 units with an excess capacity of 2 units each in the first hour of

the second phase.

¢) Blocks B and D route a total of 6 units to E. The capacity of block E in this phase is 6 units per
hour. Thus, block E processes 6 units in the first hour of phase 2 with no excess capacity and no

backlog.
d) The above steps are repeated for the ten hours of phase P2. At 20 hours phase P2 ends.

A summary result table for phase P2 is shown next.

Block Throughput Summary

Block Name Throughput | Excess Cap | Backlog |Backlog Processed | Excess Backlog
A 60 0 90 0 0
B 30 20 0 0 0
D 30 20 0 0 0
E 60 0 0 0 0

3. Phase P3 from 20 to 30 hours

a) Phase P3 sends 10 units in its first hour to block A. The capacity of block A in this phase is
now 15 units per hour. Thus, block A is able to process all 10 units sent by P3 and also process 5
units of the backlog from phase P2. Thus, during the first hour of phase P3, block A processes 15
units that includes a backlog of 5 units. Since block A is used to its full capacity, the excess

capacity of A is zero.

b) The 15 units processed by block A in the first hour are routed equally over three paths to blocks
B, C and D as block C is available again in this phase. Blocks B, C and D receive 5 units each.
The capacity of each of these block is 5 units per hour. Thus, blocks B, C and D process 5 units

each to full capacity with no excess capacity during the first hour of the third phase.

c¢) Blocks B, C and D route each of their 5 units to E. The capacity of block E in this phase is 15

units per hour. Thus, block E processes 15 units in the first hour of phase P3 with no excess
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capacity and no backlog.

d) The above steps are repeated for the ten hours of phase P3. It should be noted that although
some of the backlog from phase P2 gets processed in phase P3 (5 % 10 = 50units from the
backlog get processed ), not all 90 backlogged units are processed ( 90 — 50 = 40units
remain). The remaining units cannot be shown as backlog for phase P3 because these were
generated in phase P2. To avoid confusion between backlogs of different phases, BlockSim does
not display backlog values at the individual phase levels. At 30 hours, phase P3 ends. This also

ends the first cycle of the phase diagram.

A summary result table for phase P3 is shown next.

Block Throughput Summary

Block Name Throughput | Excess Cap | Backlog |Backlog Processed | Excess Backlog
A 150 0 0 50 0
B 50 0 0 0 0
C 50 0 0 0 0
D 50 0 0 0 0
E 150 0 0 0 0

4. Phase P1 in the second cycle from 30 to 40 hours

a) As in the first cycle, phase P1 sends 5 units to block A in the first hour. The capacity of block A
in this phase is 10 units per hour. Thus, block A is able to process all 5 units sent by P1 and also
process 5 units of the backlog from the first cycle. Thus, during the first hour of the second cycle
of phase P1, block A processes 10 units that includes a backlog of 5 units. Since there is a backlog
of 40 units from the first cycle, this is processed by block A in the first eight hours of the second
cycle. During the last two hours of the second cycle of phase P1, block A processes only the 5
units per hour it receives from P1 and has an excess capacity of 5 units per hour. Thus, by the end
of this phase, block A processes a total of 90 units (i.e., 50 units from P1 and 40 units of backlog)
with an excess capacity of 10 units.

b) Units processed by block A are routed equally to blocks B, C and D. During the first eight
hours of the second cycle of phase P1, 10 units per hour are sent by block A to blocks B, C and D.
Each of these blocks gets 3.33 units per hour. The capacity of each of these blocks is 5 units per
hour. Thus, during the first eight hours of P1 in the second cycle, blocks B, C and D process 3.33
units per hour with an excess capacity of 1.67 units per hour. During the last two hours, block A
processes 5 units per hour. Thus, blocks B, C and D process 1.67 units per hour with an excess
capacity of 3.33 units per hour. At the end of the phase, blocks B, C and D each process a total of
30  units (3-33 x84+ 1.67x2= 3D)with an excess capacity of 20 units
(167 x 8 4 3.33 x 2 = 20),

¢) Blocks B, C and D route each of their units to block E. The capacity of E in this phase is 10
units per hour. Block E processes 10 units per hour with no excess capacity during the first eight
hours of the phase. During the last two hours, block E processes 5 units per hour with an excess
capacity of 5 units per hour. By the end of the phase, block E processes a total of 90 units with an

excess capacity of 10 units.

A summary result table for the second cycle of phase P1 is shown next.
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Block Throughput Summary

Block Name Throughput | Excess Cap | Backlog | Backlog Processed | Excess Backlog
A 90 10 0 40 0
B 30 20 0 0 0
C 30 20 0 0 0
D 30 20 0 0 0
E 90 10 0 0 0

5. Phase P2 in the second cycle from 40 to 50 hours

a) As in the first cycle, phase P2 sends 15 units in its first hour to block A. The capacity of block
A in this phase is 6 units per hour. Thus, block A processes only 6 units while there is a backlog

of 9 units per hour.

b) The 6 units processed by block A are routed equally to blocks B and D, as C is absent in this
phase. Blocks B and D receive 3 units each. The capacity of each of these blocks is 5 units per
hour. Thus, in the second cycle, blocks B and D process 3 units each with an excess capacity of 2

units each in the first hour of the second phase.

¢) Blocks B and D route a total of 6 units to block E. The capacity of E in this phase is 6 units per
hour. Thus, block E processes 6 units in the first hour of the phase with no excess capacity and no

backlog.
d) The above steps are repeated for the ten hours of phase P2. At 50 hours, phase P2 ends in the

second cycle.

A summary result table for the second cycle of phase P2 is shown next.

Block Throughput Summary

Block Name Throughput | Excess Cap | Backlog |Backlog Processed | Excess Backlog
A 60 0 90 0 0
B 30 20 0 0 0
D 30 20 0 0 0
E 60 0 0 0 0

6. Phase P3 in the second cycle from 50 to 60 hours

a) Phase P3 sends 10 units in its first hour to block A in the second cycle. The capacity of block A
in this phase is 15 units per hour. Thus, block A is able to process all 10 units sent by P3 and also
process 5 units of backlog from the second cycle of phase P2. Thus, during the first hour of phase
P3, block A processes 15 units that includes a backlog of 5 units. Since block A is used to its full

capacity, the excess capacity of A is zero.

b) The 15 units processed by block A in the first hour are routed equally over three paths to blocks
B, C and D, as block C is available again in this phase. Blocks B, C and D receive 5 units each.
The capacity of each of these block is 5 units per hour. Thus, blocks B, C and D process 5 units

each to full capacity with no excess capacity during the first hour of the third phase.

c¢) Blocks B, C and D route each of their 5 units to block E. The capacity of E in this phase is 15
units per hour. Thus, block E processes 15 units in the first hour of phase P3 with no excess

capacity and no backlog.

d) The above steps are repeated for the ten hours of phase P3. At 60 hours, phase P3 ends. This

ends the second cycle of the phase diagram and also marks the end of the simulation.
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A summary result table for the second cycle of phase P3 is shown next.

Block Throughput Summary

Block Name Throughput | Excess Cap | Backlog |Backlog Processed | Excess Backlog
A 150 0 0 50 0
B 50 0 0 0 0
C 50 0 0 0 0
D 50 0 0 0 0
E 150 0 0 0 0

A summary result table for the overall system for the simulation from O to 60 hours is shown in the following table.

Block Throughput Summary

Block Name (Diagram) | Throughput | Excess Cap | Backlog |Backlog Processed | Excess Backlog
A 560 60 40 50 0
B 206.6667 93.3333 0 0 0
D 206.6667 93.3333 0 0 0
C 146.6667 53.3333 0 0 0
E 560 60 0 0 0

Variable (Time-Varying) Throughput

Time-varying throughput can be specified at the phase level through the Variable Throughput property of an

operational phase. Variable throughput permits modeling of scenarios where the throughput changes over time. For

variable throughput, three general models are available in BlockSim. Each of these models has two parameters a and

b which are specified by the user. These models are discussed below:

1. Linear model:

y=ar+bh

This model describes the change in throughput Yas a linear function of time &. Throughput processed
between any two points of time ¥land *2is obtained by integration of the linear function as:
Linearly varying throughput =7 ydx
=22 (ax + b)dx

f
25(1’% — a7) + b(as — a4)

2. Exponential model:
y = be™
This model describes the change in throughput Yas an exponential function of time . Throughput processed
in a period of time between any two points L1and 2is obtained as:
Exponentially varying throughput =7ydx
=5 be™ dx
b

(e — e
Il

3. Power model:
y = bx"
This model describes the change in throughput Yas a power function of time . Throughput processed

between two points of time T1and F2is obtained as:
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Power varying throughput =72ydx

= bxdx
— b ($a+1 o $a.+1)
a+ 1 2 1

All of the above models also have a user defined maximum throughput capacity value. Once this maximum
throughput capacity value is reached, the throughput per unit time becomes constant and equal in value to the
maximum throughput capacity specified by the user. In this situation, the variable throughput model would then act
as a constant throughput model. The above models may at first glance seem limited, when in fact they do provide
ample modeling flexibility. This flexibility is achieved by using these functions as building blocks for more complex
functions. As an example, a step model can be easily created by using multiple phases, each with a constant
throughput. A ramp model would use phases with linearly increasing functions in conjunction with constant phases,
and so forth.

Variable Throughput Example

To examine variable throughput in phase diagrams, consider the phase diagram used above in the constant
throughput example. All phase properties and linked RBDs remain unchanged for this illustration except that all the
three phases now use variable throughput models. For the first phase, P1, the variable throughput model used is
Y = T(which is the linear model ¥ = AT + bwith parameters @ = land b = 0)). For the second phase, P2, the
model used is ¥ = 3T(which is the linear model ¥ = T + bwith parameters @ = 3and b = 0). The third
phase uses ¥ — 0.5zas the variable throughput model (which is the linear model ¥ — @& + bwith parameters
a = 0.5and b = 0). Phases P1 and P2 have a value of 500 units per hour set for the maximum throughput
capacity. This relatively larger value of throughput is set for the two phases so that the phases do not reach their
maximum throughput value during the simulation. Phase P3 has a value of 4 units per hour set as the maximum
throughput capacity. As in the previous example, all phases have a duration of ten hours. For the sake of simplicity it
is assumed that the blocks can never fail and that items are routed equally to each path. The ignore backlog option is

left unchecked for all blocks in the phase diagram.

Phase Diagram

If a throughput simulation with an end time of 60 hours is run on the phase diagram, the following scenario can be

observed:
1. Phase P1 from O to 10 hours

a) The throughput from phase P1 follows a time-varying model given by ¥ — a& + bwith parameters
@ = land b = 0. Thus, during the first hour the throughput sent by phase P1 to block A is:

Phasethr oughput from0Otol hr =%($§ —a}) 4+ by — 1)

1
=5 (17 = 0%) +0(1-0)
=0.5 units
And the throughput sent by phase P1 to block A in the second hour is:
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Phasethroughput froml1to2hrs =%($§ —a}) 4 b(xy — 1)

1 2 2
=52 =19 +0(2-1)

=1.5 units
It can be seen that the throughput from phase P1 sent to block A increases with time. But the

capacity of block A remains constant at 10 units per hour during the entire phase P1. Thus, it
becomes important to know the point of time when the number of units sent by P1 exceed the
capacity of block A and the block starts accumulating a backlog. This can be obtained by solving
the throughput model for phase P1 {y = I)using the capacity of block A by substituting Yas the
block capacity as shown next:
Yy =x

or 10 =x
Thus, at time @ = 10hours the number of units supplied per hour by phase P1 will equal the
capacity of block A. At this point of time block A will function to its full capacity with no excess
capacity and no backlog. Beyond this point the units sent by phase P1 will exceed the capacity of
block A and the block will start accumulating a backlog. Since the duration of phase P1 is 10
hours, backlog at block A will not be a concern in this phase because up to this time the capacity
of the block exceeds the units sent by phase P1. Thus, the total units sent by phase P1 to block A
during the phase duration of 10 hours is:

a

25(37% —a7) + b(xy — 241)
1

:5(102 —0%) +0(10 — 0)

=50 units

The total number of units that can be processed by block A (or the capacity of A) during phase P1
is:
=10 x 10
=100 unzts
Thus, during the first phase, block A processes all 50 units sent by phase P1 with an excess
capacity of 50 units (100-50=50 units).
b) The 50 units processed by block A from time O to 10 hours are routed equally over three paths to
blocks B, C and D. Each of these blocks gets a total of 16.67 units from time O to 10 hours. The capacity
of each of these blocks is 5 units per hour. Thus, the total capacity of each of the blocks from time 0 to
10 hours is 50 units. As a result, each of the three blocks processes 16.67 units in phase P1 with an

excess capacity of 33.33 units.

c¢) Blocks B, C and D route each of their 16.67 units to block E. The capacity of E in this phase is 10
units per hour or 100 units for the ten hours. Thus, block E processes a total of 50 units from blocks B, C
and D with an excess capacity of 50 units during the first phase P1. At 10 hours, phase P1 ends and
phase P2 begins.

A summary result table for phase P1 is shown next.
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Block Throughput Summary

Block Name Throughput | Excess Cap | Backlog [Backlog Processed | Excess Backlog
A 50 50 0 0 0
B 16.6667 33.3333 0 0 0
C 16.6667 33.3333 0 0 0
D 16.6667 33.3333 0 0 0
E 50 50 0 0 0

2. Phase P2 from 10 to 20 hours

a) The throughput of phase P2 follows the model ¥ = @& + bwith @ = 3and b = 0. The throughput
from P2 goes to block A. The capacity of block A in this phase is 6 units per hour. The point of time
when the number of units sent by P2 equals the capacity of block A can be obtained by substituting the
capacity of block A into the model equation (y = 3ili)as shown next:

Yy =3z
or b =3x
or =2

Thus, at £ = Zhours of phase P2 (or at the total simulation time of 12 hours), the number of units sent
per hour by phase P2 equals the capacity of block A. Thus, during the first two hours of phase P2, block

A will have excess capacity. The total number of units sent by phase P2 during the first two hours of the

phase is:
a
25(37% —a%) + bz — 1)
3 2 2
=5(2*~ 0%) +0(2-0)
=6 units
The total capacity of block A during the first two hours of phase P2 is:
=6 x 2
=12 units

Thus block A processes a total of 6 units in the first two hours of phase P2 with an excess capacity of 6
units (12-6=6 units). During the last eight hours of the phase (from the second hour to the tenth hour)
block A will have a backlog because the number of units sent by phase P2 will exceed block A's
capacity. The total number of units sent by phase P2 during the last eight hours of the phase is:

a
=§($% — a}) + b(ay — 24)

3
zium—2%+0u0—m

=144 unaits
The total capacity of block A during these eight hours of phase P2 is:

=6 x 8

=48 units
Thus, during the last eight hours of phase P2, block A will process a total of 48 units with a backlog of
96 units (144-48=96 units). A graphical representation of the above scenario for block A during phase

P2 is shown in the figure below.
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b) The units processed by block A are routed equally to blocks B and D, as block C is absent in this
phase. During the first two hours, block A sends a total of 6 units that are divided equally among blocks
B and D, with each block getting 3 units. The capacity of these blocks in this phase is 5 units per hour.
Thus the total capacity of each of these blocks during the first two hours of phase P2 is:

=Hx 2

=10 units
As a result, blocks B and D each process 3 units in the first two hours of phase P2 with an excess
capacity of 7 units (10-3=7 units). During the last eight hours of phase P2, block A sends a total of 48
units to blocks B and D, with each block receiving 24 units. The capacity of each of these blocks during
these eight hours is:

=Hx 8

=40 units
Thus, B and D process 24 units in the last eight hours of phase P2, with an excess capacity of 16 units
(40-24=16 units).
c¢) The units processed by blocks B and D are sent to block E. The capacity of E in this phase is 6 units
per hour. During the first two hours of phase P2, a total of 6 units are sent to block E. The total capacity
of block E during this period of time is:

=6 x 2

=12 units
Consequently block E processes 6 units in the first two hours of phase P2 with an excess capacity of 6
units (12-6=6 units). During the last eight hours of the phase, blocks B and D send a total of 48 units to
block E. The capacity of block E during this time is:
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=06 x &

=48 units
Thus, block E processes 48 units in the last eight hours of P2 with no excess capacity and no backlog. At

20 hrs phase P2 ends and phase P3 begins.

A summary result table for phase P2 is shown next.

Block Throughput Summary

Block Name Throughput | Excess Cap | Backlog [Backlog Processed | Excess Backlog
A 54 6 96 0 0
B 27 23 0 0 0
D 27 23 0 0 0
E 54 6 0 0 0

3. Phase P3 from 20 to 30 hours

a) The throughput of phase P3 follows the model ¥ — aZ + bwith @ = 0.5and b = 0. A maximum
throughput capacity of 4 units per hour is also set for this phase. The throughput from this phase goes to
block A. The capacity of block A in this phase is 15 units per hour. Thus, it can be seen that the
throughput sent by phase P3 will never exceed the capacity of block A in this phase. It can also be seen
that at some point of time the throughput of phase P3 will reach the maximum throughput capacity of 4
units per hour and, thereafter, a constant throughput of 4 units per hour will be sent by phase P3. This
point of time can be calculated by solving the linear throughput model for the phase ¥ — D-5$by
substituting ¥as the maximum throughput capacity as shown next:

y =0.5x
or 4 =0.5x
or T =8

Thus, at time & = Shours of phase P3 (or at the time of 28 hours) the number of units sent per hour by
phase P3 will reach the constant value of 4 units per hour. In the first eight hours of the phase the
throughput will remain variable. The total number of units sent by P3 to block A during this time is
given by:

a
=5(73 — 71) + blzs — 71)

:D—;(SZ —02) +0(8—0)

=16 units
The total capacity of block A during the first eight hours of phase P3 is:

=15x8

=120 units
Consequently, it can be seen that block A has an excess capacity of 104 units (120-16=104 units). Thus,
block A will be able to process all of the 96 units of backlog from phase P2 during these eight hours. As
a result, block A will process a total of 112 units (16 units from P3 and 96 units from the backlog of
phase P2) with an excess capacity of 8 units (120-112=8 units) during the first eight hours of phase P3.
In the last two hours of this phase, a constant throughput of 4 units per hour is sent to block A, thus the

total number of units sent to the block during the last two hours are:
=4 x 2

=8 units
The capacity of block A during these two hours is:
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=15x 2

=30 units
Thus, block A will process 8 units in the last two hours of phase P3 with an excess capacity of 22 units
(30-8=22 units).
b) The units processed by block A are routed equally over three paths to blocks B, C and D, as block C
is available again in this phase. During the first eight hours of phase P3 a total of 112 units are sent to
blocks B, C and D, with each block receiving 37.33 units. The capacity of each of these block is 5 units
per hour, thus the total capacity of each of the blocks during the first eight hours is:

=5 x 8

=40 units
As aresult, blocks B, C and D each process 37.33 units in the first eight hour of phase P3 with an excess
capacity of 2.67 units (40-37.33=2.67 units). In the last two hours of the phase, block A sends a total of
8 units, with each block getting 2.67 units. The capacity of blocks B, C or D during these two hours is:

=Hx 2

=10 units
Thus, blocks B, C and D each process 2.67 units in the last two hours of phase P3 with an excess

capacity of 7.33 units (10-2.67=7.33 units). At the end of these two hours phase P3 gets completed. This
also marks the end of the simulation.

A summary result table for phase P3 is shown next.

Block Throughput Summary

Block Name Throughput | Excess Cap | Backlog | Backlog Processed | Excess Backlog
A 120 30 0 96 0
B 40 10 0 0 0
C 40 10 0 0 0
D 40 10 0 0 0
E 120 30 0 0 0

A summary result table for the overall system for the simulation from O to 30 hrs is shown in the following table.

Block Throughput Summary

Block Name (Diagram) | Throughput | Excess Cap | Backlog |Backlog Processed | Excess Backlog
A 224 86 0 96 0
B 83.6667 66.3333 0 0 0
C 83.6667 66.3333 0 0 0
D 56.6667 43.3333 0 0 0
E 224 86 0 0 0
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Appendices

Appendix A: Generating Random Numbers from
a Distribution

Simulation involves generating random numbers that belong to a specific distribution. We will illustrate this

methodology using the Weibull distribution.

Generating Random Times from a Weibull Distribution

The cdf of the 2-parameter Weibull distribution is given by:

_ (I ) ’
F(T)=1—¢ \"
The Weibull reliability function is given by:

R(T) =1 — F(t)

)

To generate a random time from a Weibull distribution, with a given and Fa uniform random number from 0 to 1,
UR [D, 1], is first obtained. The random time from a weibull distribution is then obtained from:

Tx = - {~In [Ug[0, 1]}}

Conditional

The Weibull conditional reliability function is given by:

R(T +1) e_<%)
R(T.t) = —prpy— = _(1)3

n

BlockSim's Random Number Generator (RNG)

Internally, ReliaSoft's BlockSim uses an algorithm based on L'Ecuyer's [RefX] random number generator with a post
Bays-Durham shuffle. The RNG's period is approximately 10718. The RNG passes all currently known statistical
tests, within the limits the machine's precision, and for a number of calls (simulation runs) less than the period. If no

seed is provided the algorithm uses the machines clock to initialize the RNG.
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