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Introduction

Introduction

Things fail. Some failures are simplyanveniences, while others have can have significant economic
and societal impacts (e.g., resulting in loss of life).

Reliabilitymodelinginvolvesmodelingthe ways that systems can fail (and be repaired) in ordéreip
determine how toincrease theidesign life, and eliminate or reduce the likelihood of failures, downtime
and safety risks. It involves developing a mathematical representation (a model) of an existing or
proposed engineered system in order to predict the performance of the systentiowerThe system
(e.g., a furnace) consists of multiple components (e.g., a blower, a buha¢rvork together to carry

out one or more functionsThe output of these models typically consists of predictions of measures
such ageliability (the probabilty that a component or system will perform its required func(®yover

a specified time period) anavailability (the probability that a component or system is performing its
required functior{s)at any given time)Reliability models arg/picallyusedto compare design
alternatives on the basis of metrics suchtl®ughput,warranty andor maintenance costs

For some systems, the analyst may be more concerned(pitibabilisticyisk assessmenthan with
reliability. Probabilistic iskassessmentPRA)was initially developed to analypemplexsystemssuch

as nuclear power plants argpace missionslt focuses on predicting the probability of those
(presumably rare) failures that can lead to injury, loss of life, severe damage to the system,agsperh
damage to the surrounding environmenitience, in @RAthe output of the model typically is the
probability of a particular unlikely, but high consequence outcome (e.g., catastrophic failure of the
system), and identification of those events or compats most likely to lead to that outcomRisk
assessmentnodels are typically used ®valuate system safety andform decisiongegarding the
allocationof resources (e.g., design or operational changes) to accident prevention.

Although reliabilitymodelingand risk assessmesharesome common features (e.g., they batkal

with failure of various components and sgsts), these two types of analysé&aditionally use different
types of approaches (since they are focused on different types of restiiis)document discusses how
GoldSim a dynamic probabilistic simulation program, canused for both types of analyse
Simulationrbased approachesuch as that used by GoldSim ¢aake it possible to tackle complex
reliability and risk assessment prohis that cannot be easily or realistically addressed using traditional
approaches.

For reliabilitymodeling the fundamental outputs produced lyoldSinconsist oftraditional reliability
metrics (e.q., reliabilitand availability) for the overall systermd for individual components within
that system.Forrisk assessment, GoldSim can be used to compute the probability of specific
consequences (e.g., an accident leading to loss of life) to support risk management for the system.
GoldSimalsocatalogsand analyzegailure scenarios, whichllows forkey sources of unreliabilitgnd
riskto be identified(i.e.,root cause analysis

However, thetrue power of GoldSim is that it can do more than compute only these kinds of reliability
and risk management atrics. This is becau€goldSim differs from the few existing simulatibased
approaches to reliability and risk assessment in that it combines powerful features for representing the
failure (and repair) of complesystemsawith the flexibility to representhe true dynamic complexitand
evolutionof the entire system. That is, GoldSinfiist and foremost powerfuland extremely flexible
generatpurpose probabilistic dynamic simuladr that has been used to simulate the behavior and
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evolution ofa wicde variety oftcomplex systems ranging from environmental systems (e.g., mines,
watersheds, waste disposal sites) to engineesgstemge.g., processing facilities, machines, space
missions) to business systems (e.g., companies, projects).

By combining thee fundamental capabilities with the Reliability Module, a specialized extension for
dynamically modeling the failure (and repair)esfgineeredcomponents, GoldSimmakes it possible to
build dtotal system models (i K Irepreséntl)evolving envionmertal conditions 2)the realistic,
dynamic complexity of failuref components within the systeife.g., complex interdependencies,
failure rates that respond to evolving environmental conditigrs)d 3) the actuatonsequencesf
failure (e.g., changes throughput, costsloss of lifeand other measures of system performance).

Purpose andutline

The purpose of this White Paper is to explain how GoldSim can be used for relbd#jingand
probabilisticrisk assessment. Thicument is longer tharhe typical White Paper, as tlidbjective is
not just to describe GoldSim gimplified broad termsd A ® S &3 GakihyaEMovides very little
insighy, but insteado provide sufficient detail such that the reader calotain a good understanding
and owerview of what the software can actually do (and how it doesBgcause GoldSim is very
powerful and flexible, doing so requires more than just a few p#éagkisough this document contains
lots of screen capturesso it is not as long as it might seefpte, however, that the paper does not
attempt to teach you how to actually use the software; it is intended to simply clearly explain its
capabilitiesn simple languagdReadersinterested in learning mordetailsare pointed to additional
sources of iformation at the end of the paper.

In order to illustrate how GoldSim can be used for reliability analysipeoizhbilisticrisk assessment,
the document is organized as follows:

1 How is GoldSim Different from Traditional Approachies8t we provide aery general overview
of how GoldSim differs frortraditional approaches to reliabilitnodelingand probabilistic risk
assessment

9 Basic GoldSim Conceplis order to demonstratdnow GoldSim can be used for reliability
modelingand probabilisticrisk assesment, it is first necessary fwovide a brief overview dhe
basic concepts underlying simulation modeling in general, and more specifically, the GoldSim
simulation framework

f D2f R{AYQa ! LILINMobelrfg Afiepobtairnh anluddarstakhdindf basic GoldSim
concepts, it is then possible to illustrate how GoldSim can be used for reliabildgling This
is done by showing a number of example models.

¢ D2f R{AYQa ! LIINRI OK {2 .ThNBudds apantthie prévioud seatitod |
illustrate how GoldSim can be used fopbabilisticrisk assessmenSeveral aerospace case
studies are discussed to illustrate the key concepts.

1 Summary The document will conclude withbrief summaryand a descriptiof ways in which
you can lean more about GoldSim.




How is GoldSim Different from Traditional Approaches?

How is GoldSim Different from Traditional Approaches?

When discussing how GoldSim differs from other approaches, it is useful to differaetiatality
modelingfrom probabilisticrisk assessment. GoldSim canused for both typs of analyse With
traditional approacheshowever, these two types of analysase different types of tools (since they are
focused on different types of results).

Traditional Approaches to Reliability Modeling

It is assumed that the reader is familiaith traditional reliabilitymodelingapproachesEbeling (2009) is
a goodintroductorytext that discusses these approaches

Most traditional reliability modeling approaches involve the assumption of a static model, where the

system configuration nevehanges (other than due to the failure/repair of components), and where its
LINPLISNIASE R2y Qi OKFy3S 6AGK GAYSO CtKAA Aa | Oz2y
techniques, sah as closedorm mathematical equations or reliability block diagrs. Markov chains

are another traditional reliability approach, and although they introduce an element of dynamism, the

system itself (and its properties) cannot change with time. Because of the simplifying assumptions

required to use these conventionchniques, they may be inappropriate for some kinds of systems.

Some of the difficulties with using these approaches for cemplystems are summarized below:

ClosedForm EquationsThese methods are heavily dependent on classical models (i.e., they have
been primarily developed for use with standard failure distributions likeBkgonentiahnd

Weibull). Even if failure data can be fitted to a standard distribution, it is difficult tdehcomplex
systems with closefbrm equations. For example, if astgm has two Weibull failure modes, they
cannot be algebraically combined into a single Weibull failure mode for use with the Weibull
reliability equation.

Reliability Block Diagrani€losedForm SolutionsReliability block diagrastan be used to
formulate closedform solutions when modelinmanysystems of components. Suectodels
however,are static assume the system is in steady statad do not account for the highly dynamic
nature of many systemsdoreover,unless(simplistic)correction factorsare usedthe approach
assumes that all of its components are independent.

Markov Chainsa I Nl 2 @ OKIl Aya SydzYSNI &GS | ydzyoSNI 2F aeadas
transitioning between these statemd can be used to represent systems that cannot &edhed
using reliability block diagrams and clodedm solutions However, the number of transition
probabilities (and the computational effort) required to solve a Markov chain grows exponentially
GAGK GKS ydzYoSNI 2F & spateSBES 238DV HASAZFTFYHRKAAOKASR
greatly simplified in order to use a Markov chain approach.

Of course, the conventional approaches are appropriate for many systems, particularly when employed

by an experienced practitioner. However, as we diftuss below, in some cases a more realistic

reliability model may be required.

TraditionalApproaches t&’robabilistiRiskAssessmerfor Engineered Systems
Riskassessmenis a very broad field, utilizing a variety of quantitative approaches. Inuirertt
context, however, we are primarily concerned withk assessmenvf complexengineeredsystems
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(e.g., nuclear power plants, infrastructure such as dams, and space and defense systems) that are
composed ohighly-reliable and frequentlyedundant canponents, which in most cases aeqjuired to
havean extremelylow risk of a catastrophic failure.

The conventional approach to rigksessmenfior such systems focuses on the analysis of initiating
events and subsequent event sequences that could leddilares, and on enumerating and calculating
the probabilities of different outcomes throudbgicbased procedures(g, event treesfault trees).
Stamatelatos et a(2011) and Vesely et b (2002)provide good descriptions of these approaches.

For many types of systems (e.g., nuclear power plant probabilistic risk assessments), these approaches
work well. However, systems that are highly dynaamd/or havecomplex dependencies among failure
processesnay be difficult to realistically represent and/mayrequire a tremendous amount of
preprocessing effort when using event tree/fault tree approaches.

As a result, an approach like GoldSim's that facilitates explicit representatcmmgfiexdynamics
potentially provides a powerful complement to exiglimethods.

Lj} Note: Stamatelatos et a(201)A & G KS I G Sa ProgaBINtE Rigky 2F | b! { ! Q
Assessment Procedures Guide for NASA Managers and Practitiomadgition to discussing
traditional logiebased procedures detail it also briefly disgsses simulatiofbased
approaches, and in fact, presents an example using Gold&ittenberger et al(2015)
provides a comparative analysis of mslation-based approach to PR&pecifically using
GoldSim) to traditional approaches (for crewed spacédaragsions).

The GoldSim Approach to Reliability Modeling andARskssment

GoldSim is a general purpose dynamic, probabilistic (Monte Carlo) simulator. Dynamic simulation allows
the analyst to develop a representation of the system, and then obsenie tha & Prédiced a
performance over a specified period of time.

The primary advantages of dynamic probabilistic simulation are:

1 The system can evolve into any feasible state and its properties can change suddenly or
gradually as the simulation progresses

1 The system can be affected by random processes, which may be either internal (e.qg., failure
modes) or externale.g., environmental)

1 If some system properties are uncertain, the significance of those uncertainties can be
determined.

Ina dynamicMonte Carlo simulation, thdynamic behavior of the system (e.g., evolving environment,
various failures and repairs, system performance) is simulatgay times These multiple results
(referred to agealizationsof the systemtan then becombined to proide not only a mean, but also a
range on the performance of the system. In addition to the statistiesiiltsthese realizations provide,
multiple realizations may also reveal failure modes and scenarios that may not be apparent, even to
experienced risland reliability modelers.

In addition to providing a more accurate representation of uncertainty, GoldSim also allows you to
readilycreate a more detailed and accurate representation of your system than can be achieved with
even the most sophisticated kisand reliability methodology.

4
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With GoldSim, you can:

Model the external ewvironment: Because GoldSim is a general purpose simulator, the environment
in which the system operates can be readily modeled, and can affect and interact with the system.

Model components that have multiple failure rades: GoldSim allows you to create multiple failure
modes for components, each of which can either be defined by a distribution or occur when a
specified condition arises. Failures which occur according to a distritdo not have to use time

as the control variable. For example, a vehicle might use mileage to define failure, while an aircraft

might use the number of cycles.

Model complex operatingules.Components can be specified to turn on and off accordirgy to

fixed schedule and/oin response t@xternal events. This allows accurate calculation of availability,
and can also affect failures (since failures based on distributions can ¢leoneag other thinggp

use total time or operating time as the contneariable).

Model complex interdependencies:In addition to providing a logitee mechanism to define
relationshipge.g., the power supply must be operating in order for the rest of the system to
operate) GoldSim also allows you to model the moretibffects of failure on other portions of
the system. For example, you can easily model a situation where the failure of one component
causes another component to wear more quicklpu can also easily model ntatal failures (i.e.,
failure modes thabnly partiallydegradethe performanceof a component).

These features and capabilities provide a powerful engine for realistically modeling the risk and
reliability of complex engineered systems.

In the remainder of this documentve will explain in moréetail (using example models) how GoldSim
can be used toepresent such systems.
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Basic GoldSim Concepts

Before describingpow GoldSim can be used for reliability modeling and risk assessinierftrst
necessary to provide a brief overview of the basincepts underlying simulation modeling in general,
and more specifically, the GoldSim simulation framework.

Simulation Concepts

GoldSim carries owtynamig probabilisticsimulationsp ¢ KS G SN)Y daAyYdzZ I GA2yé A
by different people. A used here, simulation is defined as the process of creating a model (i.e., an

abstract representation or facsimile) of an existing or proposed system (e.g., a business, a project, an
organization, a facility, an ecosystem, a mission, a machine) in wrdgentify and understand those

factors which control the system and/or wedict (forecast) the future behavior of the system. Almost

any system that can be quantitatively described using equations and/or rules can be simulated.

QX

In adynamic simulationthe system changes and evolves with time (in response to both external and
internal influenceghat the analyst specificallyefines), and your objective in modeling such a system is
to understand the way in which it is likely to evolve, predict (forgdae future behavior of the

system, and determine what you can do to influence that future behavior. That is, the purpose of a
dynamic simulation is typically to predict the way in which the system will evolve and respond to its
surroundings, so that yocan identify any necessary changes that will help make the system perform
the way that you want it to.

A probabilistic simulationrecognizes that the controlling parameters, processes and events for any
system you are trying to simulateay not be able tde predicted with certainty and/or may not heell
understood, and it therefore attempts to represent this uncertainty explicitly and quantitatiiejis
regard, here are two fundamentalypesof uncertainty that it is important to distinguish betweand
represent:

1) that due to inherent (temporal) randomne$s.g., astochasticprocess) and
2) that due to ignorance or lack of knowledge.

Failures are a classic example of the first item: we may be able to describedathtistically, but when
the actual failures occur is inherently rando®n the other hand, the second item reflethe fact that
in some parts of our system, we may simply halack of knowledge regarding a particular variable
(e.g., the strength of a material, or the properties ofail).

GoldSim is able to represent both types of uncertainty. It does thepubytitativelyrepresenting the

uncertainty in inputs (e.g., using distributions describing failure rates, the rates of other events, and the
uncertainty in key variablesiincertainty in inputs is propagated to the uncertainty in the outputs using

Monte Carlo simulationIn Monte Carlo simulation, the entire system is simulated a large number (e.g.,

1000) of times. Each of these simulations is referred toraslization of the system. For each
NEBFEATFGAZ2YS FEf 2F GKS LI NIYSGSNBR RSAZONAROSR o0& R
failure rates or other stochastic processes, multiple times). The system is then simulated through time

such that the outputs ofhe system can be computed. This results in a large number of separate and
AYRSLISYRSYy (i NBadzZ G§ax SIFOK NBLINBaSyudaaAy3a | LkRraaraof s
system may follow through time). The results of the independent realizatimassembled into

probability distributions of possible outcomes.
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What is GoldSim?

[ SGQa o6 t1 GKNRdzZAK I @SNE aAYLEoESingskessentidlys highk | i
level programming language for building simulation models (but do¢saguire you to be a computer
programmer). It idighly-graphical and objeebriented, such that pu create, document, and present
models by creating and manipulating graphical objects representing the components of your system,
processesgdata and relabnships between the data:

Capacity \

Pumping_Rate _f.;:
Leakage

The simple model above has five objects: Capacity, Inflow, Pond, Leakagarapthg_RateEach of
these objects represents a feature.g.,a pond), a parameter or property (the capacity of the pord),
a proces®r event(inflow and leakage from the pond)he objects representing features, parameters,
processes, and evenits GoldSirare calledelements The purpose of thiparticularmodel is to predict
the volume of water in the pond as a function of time, accounting fectied inflows and outflows.

;"ﬂ' Note: This particular example intentionally does not model failures (e.g., which could
affect the pumping rate); we will address thatsnbsequensectiors. Here we will simply use
this example to illustrate the fundameaitconcepts of dynamic, probabilistic simulation.

Elements are the fundamental building blocks of a GoldSim model, and each type has a particular
symbol or graphical image by which it is represented on the screen. You give each element a unique
name by whih it is referenced. GoldSim provides a wide variety of elements (over 50), each of which
serves a different purpose. Some of these elemaittgplyprovide a mechanism for the user to enter

input data into the model (e.g., Capacity, Pumping_Rate). Otleenahts represent functions which
operate on one or more inputs and produce one or more outputs (e.g., Leal@ge.elements

represent uncertaint parametersr stochastic processes (e.g., Inflow). And other classes of elements are
relatively complex andanerate the internalynamicsof a model. In this simple modéhe element

Pond serves this purpose.

In particular, the element named Pond (referred to in GoldSimResarvoiy integrates material flows
over time In this case, the material is watéfheReservoielement solves a time integral: it integrates
the inflows and outflows, and by doing Bothis caseeomputes the volumef water in the pondat any
time in the simulated future.

At
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As pointed out, as a general rule, each type of element id&ol has one or more inputs and produces
one or more outputs. Each element hapraperties dialogwhere the inputs are entered. The
properties dialog for the Reservoir element representing the Pond looks like this:

Reservoir Properties : Pond X

Definition

Element ID: | Pond| | Appearance. ..

Description: The volume of water in the pond

Display Units: |m3 Type... | Scalar

Definition:

Initial Value: |D-D m3
Lower Bound: |D.D m3
Upper Bound: |Ca|:|a-:it-,'
Additions:

Rate of Change: |Il1ﬁ0'.'.
[ Discrete Change: |

Withdrawal Regquests:

Rate of Change: |Leakage + Pumping_Rate

[ piscrete Change: |

Save Results

Final Values Mante Carlo Histories

Cancel Help

Note that when you link one elemeta another (e.g., by referencing another element in an input field
as shown above), GoldSim automatically draws an arrow (referred to iaflance) between the
elements. The influence visually indicates the dependency of one element on another. eiathele
above, the influence indicatethat:

1 Pondis influenced by (&., is a function of) Capacity, Inflow, Leakage and Pumping_Rate.
1 Leakage is influenced by Pond (which fornfisealback loopbetween these two elements).

One of the more unique and powfet features of GoldSim is that the program is dimensionally aware.
GoldSim has an extensive internal database of units and conversion factors. You can enter data and
display results in any unitBor example, you could add meters and feet in an equatiod,GoldSim
would internally carry out the conversion. Note, however, that if you tried to add meters and hours,
GoldSim would issue a warning message and prevent you from doing so.

When elements are created, you musesjfy their output dimensiondNhen elements are linked,

GoldSim ensures dimensional consistency and carries out all of the unit conversions intémidliy.
particular example, the Pond h&ssplay Unitsof a volume (m3). As a result, GoldSim exptws

Upper Bound(Capacityto hawe dimensions of a volume, aride Rate of Changénflow, Leakage and
Pumping_Ratgto have dimensions of volume per time. If they did not, GoldSim would display an error.
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Running a Model

Systems that are changing with time are described mathematicailhg ufferential equations. In the
simple example shown above, we have only a single variable (the volume), so this can be described
using an ordinary differential equation as follows:

d T
— = Inflow - Outflow
dt

To write this in terms of the volume, we take the integral:
Vit)=V(0) + J‘ (Inflow - Outflow) dt
0

To sole for the volume as a function of time, we need to solve this integral. In simple systems (e.g., if
the flows wereconstant), we can solve this analytically. For almost any real system that you would be
interested in modeling, however, an analytical sautis not available. Therefore, a dynamic simulator
like GoldSim must solve such equations numerically (by computing an approximate solthisn.

what the Reservoir element does.

To solve this (or any) integral numerically, it is necessary to dizseritie into discrete intervals
referred to agimestepsp D2f R{ AY (G(KSy aaidSLA GKNRdzAK GAYSE
with the values at the current timestep computed as a function of the values at the previous timestep.

Hence, in ordeto dynamically simulate a system in GoldSim, you must specify the duration of the
simulation (e.g., 1 year) and the length of the timestep (e.g., 1 &olfSim provides fiexibledialog
for specifying howit steps through time:

(@]
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Simulation Settings... *

Time  Monte Carlo  Globals Information

( L_'!'\ Spedfy timestepping options for the model.

Show Scheduled Updates...
Basic Settings

Time Basis: Elapsed Time ~ Time Display Units: |day ~

Duration: 100 day

Start Time: |1z,r 1/2018 Dv||1z:oo:oo.em z

-

End Time:

3/11/2019 | |12:.3.3:.3.3 AM 2

-

Timestep Settings

Alignment: Start Time aligned w

Basic Step: User-spedified ~

Reporting Steps:

Mone LY N_-'.J:\ N.-'.P:\.
Major Minar
Save Results: | Basic Steps w | Saveevery | 1 : Basic Steps

o 101 scheduled update times, 101 saved
Result Size: 39.5 KB histories, 3.61 KB final values [ Advanced..

Cancel Help

There are two ways toarry out a dynamic simulation in GoldSim (specified by selectingithe Basis
in this dialog:

T LY Fy a9flFL&ASR ¢AYSEé &Ai YDdratibni Fhe sinlulatorisithed LIS OA F &
tracked in terms of the elapsed time since the simulation began.

T Ly + &/t SyRIN ¢AY Strt TanfeaidiznEnd Tinfeynd thé idatiny/isi S NJ |
tracked in terms of the calendar date/time (i.e., GoldSim tracks things like what hour of the day,
day of the week and month it is during the simulatiand yai can explicitly refeto these in
the simulation).

If the simulationyou want to run is very short (e.g., minutes or hours) or very long (e.g., hundreds of
years), in most cases an Elapsed Time simulation would be appropriate. However, when yourasimulat
durationis between these two extremes, it is quite possible that you will want to run a Calendar Time
simulation. This is because some inputs, or the behavior of the system itself, might depend on the time
of day or the datdi.e., parameters may hawiurnal and/or seasonal patterngnd hence you will want

to specifically track and reference this information in your model .

10



Basic GoldSim Concepts

gﬂ Note: To ensure that the numerical approximatioinsa dynamic simulatioare accurate,
a sufficiently small timestep mube used.The appropriate timestep length is a function of how
rapidly the system represented Itye model is changing: the more rapidly it is changing, the
shorter the timestep required to accurately model the systéinis important to note, however,
that the actualtimesteplength in asimulationis notnecessarily constapand in fact, when
simulating events (such as failuje&oldSim automatically inserts timesteps in order to
accurately simulate themThat is, if an event occurs at a particularginGoldSim can interrupt
the simulation and update the model. For example, consider a failure that occurs 12.54 days
into the simulation, and is repaired 0.72 dadger. The simulation would be updated (i.e., a
timestep would be inserted) at 12.54 daysrédlect the failure, and would subsequently be
updated at 13.26 days to reflect the repair. This allows GoldSmottel suchsystems without
an inordinate level of computational effort.

If you are running a probabilistic simulation, you must also spaoify many realizations dhe model
you would like to run:

Simulation Settings...

Time  Monte Carle  Globals  Information

Define Monte Carlo options to carry out a probabilistic simulation,
'l' and specify the sampling method for Stochastic variables.

(@) Probabilistic Simulation

# Realizations: | 100 = Result Options. ..
[Jrun the following Realization only: 1 =
Use Latin Hypercube Sampling Use random points in strata ~

Repeat Sampling Sequences Random Seed:

[[] spedify Realization Weights:

S e Ny I e e

Displayin@asicSimulation Results
After running a model, GoldSim can generate and display different types of results, in either graphical or
tabular form.The most common results viewed dree history resultaanddistribution results

A time history result simply shows how a model output is predicted to change with time. As such, it is
the fundamental type of result produced by a dynamic simulation model. FExésxiselapsedime (or
date/time) and the yaxis is the value of the outputlere is a example of a simple time histofgr our
pond model

11
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il Pond History

flichat [ Table  Display: | Realization ~ #: Halr 5

120

100

80

60

40

Volume in Pond (m3)

20

0

0 10 20 30 40 50 60 70 80 90 100
Time (day)

This is the plot of a single realization. In a probabilistic model, we run multiple realizations (each
representing a possible future). Hewe show 100 realizations:

|I Pond History

flicrat [T Table Display:| Al Realizations ~ ol Cg

160

Volume in Pond (m3)

0 10 20 30 40 50 60 70 80 90 100
Time (day)

A moreusefulway todisplay multiple realizations (i.e. paobabilistic time history result) is to display it
in the form of percentile bands:

12
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il Pond History

fichat [ Table  Display: | Probabilities vi= e O3

Volume in Pond (m3)

40
20

0
0 10 20 30 40 50 &0 70 80 90 100

Time (day)

Statistics for Pond

Min..1% / 99%__Max I 1%..5% / 95%..99%
5%_15% / 85%. 95% Bl 15°. 25% / 75%..85%
5% _35% / 65%.75% B 50 45% / 55%..65%
45%_55% — 50%

i

Adistribution resultshows a probability distribution of an output at a spacoint in time (e.g., the
end of the simulation):

Distribution (m3)

b PDF | JIcOF |, CCOF  gljChat FRTable % i Fo 3

Probability Distribution of Predicted Volume at 100 Days

1.0

e e =2
= @ co

<
)

Probability of Not Exceeding

0.0
50 60 70O 80 90 100 110 120 130 140 150 160

Pond (m3)
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Here we are displaying the result in terms afianulative distribution function(CDF)The yaxis shows
the probability of not exceeding the value on th@xis. So in this examplewe look at an saxis value
of 100 m3, we see there is about 8% chance that volume at the end of the simulation will eateed
that value (and hence a%6 chance that it will exceed that value).

Modeling Events
Use of GoldSim for modeling reliability and risk assessmaguires a basic understanding of one set of
powerful features in GoldSim: discrete event modeling.

When things move through or change within a system, the dynamics can be conceptualized in two
different ways:continuouslyor discretely Things thatnove continuously can be thought of as flowing.
An example of this is the movement of water. Other things move or happen disooetely
instantaneouslye.g., such that they must be tracked individually). Examples of this include financial
transactionsthe movement of items through a factory, and, of course, failures and repairs.

The example we discussed above dealt only with continuous dynamics (the flow of water). It is
important to understand, however, that GoldSim provides powerful capabilitiesfesenting

discrete dynamics as well. In fact, most re@lrld systems are best described using a combination of
continuous and discrete dynamics (i.e., hybrid systems). And because failures and repairs are discrete
events, the ability of GoldSim to prepy handle these is critical.

D2f R{AY | ff2¢6a @2dz 42 NBLINBaSyid aAyaildlyalyS2dzé
model to generate and respond to events. This is accomplished by 1) providing the ability to generate
events in a number of dérent ways, and 2) allowing such events to instantaneougjger various

elements to take a particular action (e.g., instantaneously change their value).

In GoldSim, an event can be generated in one of five ways:

The event occurs when a specified citimh (e.g., X > Y) becomes true or false;

The event occurs when a specified output in the model changes;

The event occurs at a specified calendar or elapsed time;

The event occurs based on a specified rate of occurrence, which can be treated asaegular
random ("occur exactly once a week" or "ocaum,averageonce a week"); or

5. The event occursdfluresand repais) based orspecifiedfailure models conditions and
interdeperdenrcies.

PP

Once an event is generated, a variety of GoldSim elements caiggened by the event, with each
element responding to the event (taking a particular action) in a different mafherability to
superimpose the effects of events (such as failures) on continuously varying systems (in order, for
example, to model conse@mces) is one of the most powerful features of GoldSim.

BuildingLarge Hierarchical Models

Although some GoldSim models are very simple (such as the simple example above), consisting of a
small number of elements, complex GoldSim models can have hundrékisusands of elements. In

order to manage, organize and view such a model it is useful (in fact, essential) to group the elements
into Containers A Container is simply a collection of elements.

14
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A Container can be thought of as a "box" into which otllements have been placed. In a sense, itis

tA1S I
aasSvye

a
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contanment can be created. This ability to organize model elements into a hierarchy provides a
powerful tool for creating "topdown" models, in which the level of detail increases as you "drill down"

into the containment hierarchy.

The example below shows a s that has been divided into a number of distinct systems:

<

Editing

O&Ed

Browser

EDIT VIEW GRAPHICS

v
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_ D Reliable_System
v D Water_Supply

- | Cumulative_Water_Di
..... | Cumulative_Water_St
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« fy Tank_Withdrawal
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v g% Water_Tank

3% Pressure_Transducer

- [y Capacity
.47 Height

..... |
_____ f

...

Integrator1
Overflow
Pumped_Inflow

.. 47 Radius

..\ | Volume

»»»»» ﬁ Water_Level

&= Water_Level_Reading
>

[$ Containment View | [t Class View
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RUN HELP
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EDAF XN @
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4
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Water_Supply

=

Pumping Plot

4

BT_"((

o]
Water_Tank

Tk

Power_Supply

Pipeline
|
H ,'{53' —
e -
ol
Pump Motor

Maintenance_Records

\ 4

Ad OO G AL

1

6 &

il |

/'__—“’
 <«— |
~ec
Controller
v
>
100% - —f4—— +

All of the elements with a small triangle in their upper{efind corner are Containers. Clicking on the
triangle allows you to drill down into (i.e., enter) that Container to see moraitietThe hierarchy and
contents of the Containers are shown in the tree structure on the left side of the screen. The elements

inside a particular Container are shown on the right side of the screen.

;_ﬂ Note: As we will see below when we discuss how Goid8odels failures in reliability and
risk assessment models, Containers play a critical role in represeyystgmsof components

Theability to create suksystems using Containers provides a powerful capability: the reuse of sub
systems. A user can @@ a complex suystem, and then document and save it, such that a
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subsequent user could simply drop the ssystem into a new model. This facilitates the creation of a
library of documented and verified stdystems. Such a library can be used to quiakty efficiently
build complex models.

Building Transparent, Wdllocumented Models
A key feature of any modeling tool is how well it allows yoddoument and explaigour model.
Properly documenting your model is critical for three important reasons:

1 Many models have a long lifetime. As a result, you will often need to revisit and make

modifications to a model many months (or years) after you last used it. If the model is not well

documented, you will need to waste time coming back up to speed with theefrin order to
understand it well enough to use the model and make any modifications that are necessatry.
1 Many models are either builiy multiple people, or pass from one person to another over time.
In order for others who need to work on the model to go effectively, it must be well
documented.
1 Most models thatan analysbuildsare actually built for someone else.§.,a manager, a client,

a regulator, some other stakeholder). Although it may not be necessary for them to understand

all of the techntal detals of a model in order to usg in most cases it is necessary for them to

understand the basics of what the model is doiAgnodel which cannot be easily understood is

a model that will not be used or believed welldocumented modeis morelikely to be used
by the stakeholders for whom it was built

As a result, GoldSim was specifically designed to allow you to effectively document, explain and present

your modeldirectly inside of the model itselivou can add graphics, explanatory textesand
hyperlinks to your model

16
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Lunar Base Subsystems

The lunar base described in the PRA guide has a number of subsystems - specifically an Environmental Control System, a Command and Control
system, a Power Generation system, a Communication system and Scientific Instruments.

In order for the base to be habitable, the Environmental_Control_System, Command_Control system, Power_Generation system, Communication,
must operate continuously. Some scientific instruments can be repaired if damaged, but others are irreplaceable, and their loss will trigger the Loss
of Mission endstate.

E|.d .dm E|.d .dm E.dE!
Environmental_Control_System Command_Control Power_Generation Communication  Science_Instruments

Initiating Events

There are a number of initiating events
described in the PRA guide - these are
events which could lead to the two
undesirable end states (loss of mission or

dering_Event
- To Loss of Crew End

loss of crew). State
The initiating events that can affect To Event Tri d
multiple base systems, or that require o} o Event ITiggere

failures of mutiple systems are located in Atmospheric_Leak Failure Mode

this level of the model. A shortcut is I LT 2z i
provided to the Electrolyte Leakage
Initiating Event, which primarily affects the

Power_Generation and Science_

/ Lunar Base
Instruments subsystems. [

Energetic_Hazard

Shortcut to Electrolyte Leakage Initiating Event

GoldSim's powerful documentation and presentation abilitesipledwith the ability to create
hierarchical, topdown modelsallows you to effectively describe and explain your model at different
(and appropriate) levis of detail to different audiences.

Summary

The purpose of this section was to proviaeery shorintroduction to the basic conceptgon which
GoldSim is basedhis overview, although very brigfrovides sfficientbackground informatiotior us
now to describein somedetail how GoldSim can be ustat reliability modeling and risk assessment

17
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D2 f R {Appioazh to Reliability Modeling

In this section, we will describe in some detail how GoldSim can be used for reliability modeling. We will

start bydescribing some very simple problems, and will progress to describing a number of more

complex situationsD2 f R{ AY Aa | @SNE LR ¢S NF dz featuevillbe | yR KSy O
describedHowever, the simple examples that are shown shoulditdvi | 322 R AYRAOF GA2Y
range of capabilities.

In particular, we will discuss the followibapics:

1 Modeling Simple Failures

Modeling Multide Failure Modes

Modeling the Reliability of Systems

Modeling Repairs, Replacement and Preventive Maintera
ModelingComplex Interdependenciesd Dynamically Changing Systems
Modeling the Consequensef Failure (System Performance)

= =4 4 -8 A

The first step to modeling reliability in GoldSim, as it is in any other reliability and risk analysis modeling
methodology, $ to develop a model of the system of interest with all of its components. In GoldSim, the
building blocks used to represent the components of the system are two specialized elements: the
Functionelement and theAction element:

E B

Function_Element Action_Element

Function elements arased to model components which operate continuously once turned on. Typical
examples of components modeled by Function elements include pumps and engines. Action elements
are used to represent components which must respond to a control command or aondifiypical

examples of components modeled by Action elements include switches and relays. Both element types
can fail, as well as be repaired and maintained.

Modeling Simple Failures

We will begin by considerirthe simplesttasepossible a componenthat has a constant failure rate
(i.e., aa exponentiafailure distribution). The reliability of such a simple component can be described
using a simple closefhrm equation. In fact, the reliability (i.e., the probability that the component will
performits required function over a specified time period t) can be written as follows:

2 A
GKSNB < Aa (GKS O2yaidlyd FrAE€dNB NIXiGSe LG OFy I|faz
MK < ®

{25 & +y SEIYLX S twithafaiture G2 of .00688UNds per dparatingidodirS y
The reliability over a 3Bday continuous operating period would then be:

EO
2 A A AU m8ppu
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The MTTF would b&333 hr = 139 days.

So how would we model thin GoldSimWe first specify in GoldSim how the component can fail. The
component is represented by a Function element that looks like this:

Reliability Function Component Properties : Simple_Component

Definttion  Results

Element 10 |m Appearance...

Description: Componet that fails with a constant failure rate
(Exponential distrbution)

Component Status Control & Failure Modes

lUse simple failure rate instead of failure modes
Failure Rate: |ﬂ-ﬂﬂﬂ3 hr-1

[] Use Importance Sampling for this element
Initial Status is ON Tum on.... Tum off .. Replace...
[] Model this Function component as a system with child elements

Operating Reguirements
Logic4ree represents a: | Requirements4ree 3= X )/.
4 | -8 Edemal Requiremerts

Define operating Resource Requirements: O Resources

Save Results
Final Values Monte Caro Histories

Cancel Help

The Function element dialog has lots of options (and we will discuss some of them later), but in this
case, tlere are only two fields that are of interest:

1 Use simple failure rate instead of failure modeghis instructs GoldSim &ssume a simple
exponential failure distribution.

1 FailureRate¢ KA & A& GKS NI dS 2F FlIAfdNBE 6AdSds (KS <
also represents the (constartipzard rate

Once the Function is defined, we can simulate the system. What we are going to do is run the model for
the operating periodf interest (300 days). During the simulation, GoldSim samples the failure
distribution and determines when the component fails. Of course, the failure distribution represents the
inherent randomness (i.e., the stochastic nature) of failure, so we wélline run a Monte Carlo

simulation with multiple realizations to see how the component will perfatatistically In this

example, we will run the model for 1000 realizations.

19
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One of the basic outputs of the Function element iSiggus at any given tne. This is indicated by a
number. For example, a status of O indicates that the component is operating. A st2tuslmfates

that for one or more reasons, it is not. Here is a time history plot of a single realization (realization #6 of
1000) for the status for this component:

| History 1

flichat [ Table  Display: | Realization ~ #: Halr 5

20

1.5

1.0

Status

0.5

0.0
0 100 200 300

Time (day)

This indicates that for this realization, the component failed at just past 200 days. Given a MTTF (based
on the closeeform solution)of 139 dayssuch a failure time is reasonabfdthough as we will see later,

the statusof a component is very useful (e.g., wanaeference it in order to realistically modmmplex
dependenciel what we are interested in for this example are the traditional statistical reliability

metrics. Bycollecting all of the realizations togethggoldSim automatically does so. Here are the
statistical results of the simulation of this component:

Reliability Function Component Properties : Simple_Component (Res...

Definttion ~ Resutts
Summary
Results for 1000 realizations with mean duration of 300 day.
Measure Confidence Bounds
3% Mean 95%
Operational Availability: 03927 0.4096 04254
Inherent Availability: 0.3827 0.4096 0.4254
Reliability: 0.0584 0.1150 01316
Analysis Options
Enable
Causal Analysis Results: Display
Failure Times Results: Display
Repair Times Results: Display
[] Participate in global export of reliability resutts

20
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Note that theReliabilityis computed as 0.115 (consistent with the clogedn solution). The

confidence bounds indicatie uncertainty in this stimate (due to the number of realizatish @ 2 S Qf f
wait to discuss théwvailability results until we consider repairs. If we press Halure Times Results

button GoldSim displays the following result:

Distribution of Time to Failure for 'Simple_Component'

Percenties ah. eOF |l coF | .. ccoF []confidence Bounds
Cumulative Probability Value
0.001 0.19559 day
0.01 1.3985 day 1.0
0.05 7.1677 day
0.1 14,637 day 0.8
0.25 39.891 day 2
0.5 96,231 day E 06
0.75 192,52 day 5
0. 318,35 day B o
0.95 415.01 day L
0.99 638.67 day 02
0.999 948, 14 day
0.0 - ' —
o 200 400 500 200 1000
Statistics Time (day)
Statistic Value
Mumber of Samples 995 Calculator
Mza;l Corfdencs Bane ﬁg j:: Cumulative Probability: Value (day):
95% Confidence Bound 145.85 day 0.5 -7
Standard Deviation 135.66 day
Skeuwness 1.8003 Probability Density: 0.0033181 1/day
Kurtosis 4,2243
Conditional Tail Expectation:  234.92 day

This is the simulated distribution of failures. €Tfiot on the right ishe CDF of the failure distribution.
We could press th€CDIbutton to display thecomplementay cumulative distribution function(which
is also referred to in this case as ttediability function):

1.0
0.8

0.6

0.4

Fraction unfailed

0.z

0.0

0 200 400 600 200 1000
Time (day)

If you look at theStatisticsportion of the dialog, you will note Bean (i.e., the MTTF) that is consistent
with the closedform solution (i.e., 139 days).
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Modeling Multiple Failure Modes
b2¢g GKIG 6S KI@PS RA&AOdzaaSR GKA& GNXGJAL thisiOtwa S
ways:
1 The component can fail due to multiple modes.
1 The failure modes are timdependent. That is, unlike the exponential failure, which is
memoryless, the time to failure for a particular mode is a function of how long the component
has beerpperating (.e.,the failure rate is not constant).

If we make the further assumption that tHeilure modes are independent and of a particular form,
such a system can still be solved using cldgsech equations (the Reliability function can be computed
as the product of the Reliability function for each moddawever, in this example, we will use two
distributions (the Normal and LogNormal) that actually do not have clémed solutions (although

there are techniques using statistical tables to solvetfiese). So% 2y Qi 02 G KSté ( 2
traditional calculations. Rather, we will just show how this is represented in GoldSim.

This example assumes three independent failure modes described using the following distributions:

1  Weibull: Charactestic life = 1000 hrs; Shape factor (slope) = 2
9 Normal: Mean life = 1200 hrs; Standard deviation = 200 hrs
1 LogNormal: Mean life = 1000 hrs; Standard deviation = 100 hrs

The main page of the Function elemeapresenting the componerboks like this:

22

az2zR

gl t]



D2f R{AYQa ! LILINRPIOK (2 wSftAlLoAftAGE az2R

Reliability Function Component Properties : Component

Defintion  Failure Modes  Results

Element 1D:

Qmpa Appearance ...

Description: Componet that fails due to multiple failure modes

Component Status Control & Failure Modes
[ Use simple failure rate instead of failure modes
Failure Modes:  Switch to failure modes page

[] Use Importance Sampling for this element
Initial Status is ON Tum on.... Tum off .. Replace...
[] Model this Function component as a system with child elements

Operating Reguirements
Logic4ree represents a: | Requirements4ree 3= X >/'

k -[&) Extemal Requirements

B@ Intemal Requirements

i-fl>= ~Failed[1] (Mode X: Weibull)
ifi>= ~Failed[2] (Mode Y: Nomal)

. > ~Failed[3] {Mode Z: LogNomal)

Define operating Resource Requirements: O Resources

Sawe Results
Final WValues Morte Caro Histories

Cancel Help

Note that the checkbox labeledse simple failure rate instead of failure modéscleared. As a result,
aFailure Modedab is available. This is where we define the three failure modes:
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Reliability Function Component Properties : Component

Defintion  Failure Modes  Results
Failure Models)

1} Type Description ~
Weibull -
1 | Characteristic life & |Mode X: Weibull
slope factor
2 |Mormal Mode ¥ Mormal
Loghlormal - Mean .
3 and S0, Mode Z: LogNormal
v
Add... Remove
[ import failure modes — Part 1D: I:l Import Mow
Advanced failure mode control varable options: Settings...

Failure Mode Parameters

Characteristic Life: Slope factor:
|1[H}D hr 2

[] Automatically repair failures

Delay distribution type: Bxponential A

Mean delay time until repaired:
0.0k |

Specify resources required to repair: O Resources...

Cancel Help

In this case, the first failure mode @&Weibull) is selected, sthe Failure Mode Parametersectionof
the dialogshows the inputs for that mode. The inputs for the other two modes could be accessed by
selecting them at the top of the dialog.

gﬂ' Note: In a real model, we would not enter the parameters directly hereuaslrers.
Rather, we would define other elements and reference the element names here. If we were
uncertain about the parameters, we could define them as probability distributiomspresent
this uncertainty.

:__'ﬂ Note: By specifying multiple failure modéss.g., early failures, random failures awdar
out failures) and taking advantage of some advanced dynamic failure mode features, you ¢an
NBII RAf& NBLINBaASY(d | a0l GKGdzoé Fl Af dzZNBE OdiNIBS

If we run this mode(again, for 300 days and 1000 realizatioend lod at the resuls, the combined
failure distribution looks like this:
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Distribution of Time to Failure for 'Component’

Percenties ah. eOF |l coF | .. ccoF []confidence Bounds
Cumulative Probability Value
0.001 26.891hr
0.01 98.928 hr 1.0
0.05 226.49 hr
0.1 324.91hr 0.8
0.25 535,38 hr F
0.5 808.53 hr E 08
0.75 957.79 hr 5
0.9 1028.7 hr B o4
0.95 1084.1hr L
0.99 1159.6 hr 02
0.999 1225.4hr
0.0
o 200 400 600 200 1000 4200 1400
Statistics Time (hr}
Statistic Value
Mumber of Samples 1000 Calculator
Mean 736.64 hr . .
Soi Corae 355 56 b Cumulative Probability: Value (hr):
5%, Confidence Bound 750.72 hr 0.5 <->
Standard Deviation 270.4hr
Skewness 0.60264 Probability Density: 0.0011682 1/hr
Kurtosis -0.63215
Conditional Tail Expectation:  959.95 hr

Note the rather complex shape. Note also that the MTTF is less than the mean of any of the individual

modes.

More interestingly, we can viewraot cause analysifor the component tesee which modes cause

failures:
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Causal Analysis for 'Component’

Define Analysis Summary
(") Display Unique States
(®) Display Root Causes States:
Sort by: 5 ?ntp;:ﬁ:g
(®) Time in State

(") Dceurrence Count
Plot 'Operating’ State

Cause Analysis

k = Failed - Int. Requirement (6463.37 hr, 83.8%)
[E,“.- ~Failed[1] (Mode X: Weibull) (4012.5 hr, 55.7%)
fP= ~Failed[3] (Mode Z: LogMormal) (1830.41 hr, 26.1%)
[E,“.- ~Failed[Z] (Mode Y: Normal) (570.454 hr, 7.92%:)
- Component Operating (736.633 hr, 10.2%)

Ee

This indicates that 56% of the failures welge to the Weibull failure mode, 26% were due to the
LogNormal failure mode, and 8% were due to the Normal failure mode.

Modelingthe Reliability of Systems

In the examples wedve just discussed, we were considering a single component. Of course, in the real

world, systems consist of myitie componentge.g., a computer system consists of multiple

components, such as a hard drive, a power supply and a Céhending on the cdilguration of the

components in thesystem(i.e., the system dependencies) failure in one component may or may not

result in the failure of the systenThe various configurations can be illustrated in the formetiaibility

block diagrams In traditioral approaches, depending on the complexity of the configuration and

assumptions (e.g., independence), it may be possible to solve for these usingfdosesblutions.

2SQff O2y&AARSNI ASOSNIt NBfAFOAfAGE qdn2Zdadily RAF INI Ya
representanyconfiguration.

Serial Systems
[ SG§Qa TFTANRG O igiglesyREMbnsistiyy offreek CotppiejitsSeries:

—-E

In this configurationComponent B requires Component A to be operating and Component C requires
Component B to be operating. Henadl components must function for the system to function.
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[ S fugh&r assume that each component fails accogiio a singlenode:

1 Component AWeibull distribution with Characteristic life = 1000 hrs and Shape fac®or

1 Component BNormal distribution with Mean life = 1200 hrs and Standard deviation = 200 hrs

1 Component CLogNormal distribution with Mean life = 1000 hrs and Standard deviation = 100
hrs

To represent systems in GoldSim, we are going to take advanfageapability we discussed earlier in
this paper: the ability to create suystems using Containerghis capability makes it very easy for
GoldSim to represent any kind of system configuration in an intuitive manner.

The GoldSim model for this consistdour elements: a Functioelement representing the entire
system, and a Function element for each compong& first create a Function element and instruct
GoldSim to treat it as a system (i.e., a Container):

Reliability Function Component Properties : Systern

Definition  Failure Modes  Results  Graphics  Information

System| Appearance...

Description: A system consisting of three serial components

Element 1D:

Component Status Control & Failure Modes

[] Use simple failure rate instead of failure modes
m & = Failure Modes:  Switch to failure modes page
= [m]

] Use Importance Sampling for this element

Initial Status is ON Tum on... Tum off .. Replace...

Model this Function component as a system with child elements

28§ OFy GKSy aSy i Shd theisihaitad trisngl&. YIissiddithistelerdent@é then see
the three components:

B8 —8

Component_A Compaonent_B Component_C

If we were to examine any of these, we would see a single failure mode defined for each. Here, for
example, is Component A:
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Reliability Function Component Properties : Component_4&

Defintion  Failure Modes  Results
Failure Models)

1} Type Description ~
Weibull -
1 | Characteristic life & |Weibull failure mode
=lope factor
v
Add... Remove
[ import failure modes — Part 1D: I:l Import Mow
Advanced failure mode control varable options: Settings...

Failure Mode Parameters

Characteristic Life: Slope factor:

1000 hr 2

Note that the three components angsualy connected(via influences). This is because their
dependencies (i.e., Component B requires Component A to be operating and Component C requires
Component B to be operating) have been specified by defi@jpgrating Requirementfor Component

B and Compent C.

¢2 asSSsS GKAaz tS4GQa t221 |
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Reliability Function Component Properties : Component_B

Defintion  Failure Modes  Results

Component B Appearance ...

Element 1D:

Description:

Component Status Control & Failure Modes
[ Use simple failure rate instead of failure modes
Failure Modes:  Switch to failure modes page

[] Use Importance Sampling for this element
Initial Status is ON Tum on.... Tum off .. Replace...

[] Model this Function component as a system with child elements

Cperating Reguirements
Logic4ree represents a: | Requirements4ree 3= X )/.

k B@ BExternal Requiremernts
. [-g? Component_A (R-Tree)
=-/&) Intemal Reguirements

Define operating Resource Requirements: O Resources

Save Hesults
Final WValues Morte Caro Histories

Cancel Help

GoldSim allows you to createRequirements tre€or optionally, the opposite,a Fault tre€) to define

the Operating Requirements for the element. There are two types of Operating Requiremxtietsial
Requirementsandinternal Requirements In order for the component to operate, External and Internal
wSIljdANBYSyiGa Ydald 620K 0S8 YSiGd 9EGSNYIf wSljdzA NBYS
case, the sole External Requiremémt Component Bs that Component A must be operating. Internal
wSIljdZANBYSyYyiGa INB aAyaiRSé (GKS 02 YLR yoGoingwnentBy § KA &
is that the component itsei notfailed (due to its specified failure mode).

Component C is defined siinily, with an External Requiremetitat Component B must be operating
and an Internal Requirement that the component itself is not failed (due to its specified failure mode).

If we were to run the model, we could look at failure distributions and béltsg metrics for each of the
three components. But that is not what we are interested in. We want to look atdghebined failure
distribution and reliability metrics for the entire systelVe can do this by examining the System
element itself (and loking at its results)if we look at the System element, we will note that it has no
External Requirements, and failure modesof its own
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Reliability Function Component Properties : Systemn

Definition  Failure Modes  Results  Graphics  Information

Element 10 |§'EEE| Appearance...

Description: A system consisting of three seral components

Component Status Control & Failure Modes
[ Use simple failure rate instead of failure modes
Failure Modes:  Switch to failure modes page

[] Use Importance Sampling for this element
Initial Status is ON Tum on.... Tum off .. Replace...

Madel this Function companent as a system with child elements

Cperating Reguirements
Logic4ree represents a: | Requirements4ree 3= X >/'

k - [&) Extemal Requirements
=-|&) Intemal Requirements
[-¢ff Component_C {R-Tree)

Define operating Resource Requirements: O Resources

Sawe Results
Final WValues Morte Caro Histories

Cancel Help

Instead, it simply has a single Internal Requirement: that Component C be operating. If Component C is
operating,the system is operating. If Component C is not operating (because it has failed, or because
Component A or Component B have failed), the system has fdiletk that this isconsidered to ben
GLYGSNY It wSIljdANBYSyGé oS ndidémitbe Sysemeligngd.y i / | OG dzl ¢

If we run this model (fob0days and 1000 realizations) and look at the results for the System, the failure
distribution looks like this:
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Distribution of Time to Failure for "System’

Percentiles ah. eOF |l coF | .. ccoF [ confidence Bounds
Cumulative Probability Value
0.001 25.189 hr
0.01 101hr 1.0
0.05 226.79 hr
0.1 325,18 hr 0.8
0.25 536.29 hr 2
0.5 806.4 hr E 08
0.75 950,19 hr 5
0.9 1018.5 hr B o4
0.95 1068.6 hr L
0.99 1137.3hr 02
0.999 1267.2hr
0.0
o 200 400 600 200 1000 4200 1400
Statistics Time (hr}
Statistic Value
Mumber of Samples 1000 Calculator
Mean 732.58 hr . .
Soi Corae S8 &5 b Cumulative Probability: Value (hr):
95% Confidence Bound 746,47 hr 0.5 - F
Standard Deviation 266.73 hr
Skewness 0.62318 Probability Density: 0.0013748 1/hr
Kurtosis -0,59423
Conditional Taill Expectation: 952,05 hr

This should look familiar. It is statistically identical to the model with a siogigpanent and three
failure modes. That ja system consisting of three independent serial components is mathematically
identical to a component with three independent failure modes.

TheReliability for this systenis close to zero (the probability of sgsat failing over 50 days is almost
100%):

Reliability Function Component Properties : Systemn (Result Mode)

Definition ~ Failure Modes  Resuts  Graphics  Information

Summary
Results for 1000 realizations with mean duration of 1200 hr.

Measure Confidence Bounds
5% Mean 95%
Operational Availability: 0.5888 0.5103 0.8219
Inherent Availability: 055838 056103 06219
Reliability: 0.0020 0.0050 0.0081

Parallel Systems

z

[8GQ& y26 O2yaARSNI (KS ethree Sompodents &efpdialdzi | a4 dzy$S (K
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In this configurationpnly one of thecomponents must fun@on for the system to fuction (i.e., they are
redundant).

To modify the previous model to represent this configuration,nged to make two changes to the
model. First, we musemovethe External Requirements that link Component A to Component B and
Component B to Component Go, for example, ComponentiBw looks like this:

Reliability Function Component Properties : Component_B

Defintion  Failure Modes  Results

Element |- ompanent B Appearance...

Description:

Component Status Control & Failure Modes
[ Use simple failure rate instead of failure modes
Failure Modes:  Switch to failure modes page

[] Use Importance Sampling for this element
Initial Status is ON Tum on.... Tum off .. Replace...

[] Model this Function component as a system with child elements

Operating Reguirements
Logic4ree represents a: | Requirements4ree 3= X >/'

k - [&) Extemal Requirements
=-|&) Intemal Requirements
ifiz= ~Failed[1] (Normal failure mode)

Define operating Resource Requirements: O Resources

Save Results
Final Values Monte Caro Histories

Close Cancel Help

The onlyOperating Requiremenfor Component B is an Internal Requirement that the component itself
is not failed (due to its specified failure mode).
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As a result of these chaag, the three componentsra nolonger linked together by influences (since
they have no dependencies on each other):

Component_A Component_B Component_C

To represent that fact that the system itself requires one of the three components to be operating, we
simply change th®perating Requirementsor the System elment. Instead of specifying that the
System is operating if C is operating, we specify that the System is operainygpffthe components is
operating. This is done by using an OR gate in the Requirements tree:

Reliability Function Component Properties : Systemn

Definition  Failure Modes  Results  Graphics  Information

Blement 10 |§'EEE| Appearance...

Description: A system consisting of three parallel components

Component Status Control & Failure Modes
[] Use simple failure rate instead of failure modes

Failure Modes:  Switch to failure modes page

[] Use Importance Sampling for this element
Initial Status is ON Tum on... Tum off... Replace. ..

Model this Function component as a system with child elements

Operating Requirements
Logic4ree represents a: | Requirements4ree 3= X >/'

k -[&) Extemal Requirements
=-|&) Intemal Requirements
=-]1) OR
---q.“ Component_A (R-Tree)
---q.“ Component_B (R-Tree)
- Component_C (R-Tree)

Define operating Resource Requirements: O Resources

Sawe Results
Final WValues Morte Caro Histories

Cancel Help

In this case, we have specifi@peraing Requirementsonsisting of a Requirements tree that specifies
that in order for the System to operate, Component_A, Component Gomponent_C mugie
operating(they are all listed under a@Rgate in the tree).

If we run this modeldgain, for ® days and 1000 realizations) and look at the results for the System, the
failure distribution looks like this:
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Distribution of Time to Failure for "System’

Percenties ah. eOF |l coF | .. ccoF []confidence Bounds
Cumulative Probability Value
0.001 852.98 hr
0.01 913.14 hr 0
0.05 1003.8 hr
0.1 1052.9 hr 0.8
0.25 1143.1hr 2
0.5 1252.5 hr E 08
0.75 1345.1hr 5
0.9 1416.7 hr B o4
0.95 1455.3 hr L
0.99 1525.9 hr 02
0.999 1537.7 hr
0.0
800 500 1000 1100 1200 1300 1400 1500 1600
Statistics Time (hr}
Statistic Value
Mumber of Samples 995 Calculator
Mean 1242.2 hr . .
Soi Corae it Cumulative Probability: Value (hr):
95% Confidence Bound 12493 hr 0.5 - F
Standard Deviation 135.84 hr
Skewness -0.30648 Probability Density: 0.0026741 1/hr
Kurtosis -0.46315
Conditional Taill Expectation:  1355.5 hr

As we would expect, the MTTF for the system is significantly highdthe shape of the distribution is
very different) Moreover, due to theedundant nature of the system, the Reliability is now about 64%
(instead of essentially zero):

Reliability Function Component Properties : Systemn (Result Mode)

Definition ~ Failure Modes  Resuts  Graphics  Information

Summary
Results for 1000 realizations with mean duration of 1200 hr.

Measure Confidence Bounds
5% Mean 95%
Operational Availability: 0.9543 0.9673 0.9703
Inherent Availability: 09643 0.9673 09703
Reliability: 0.56100 0.6350 0.8500

k-out-of-n Redundancy

[ SGQa y29 O2yaARSNI (KRIal ¥RBMWBadSNERIdAR! VOEdAYE2Y 3
three components. In particular, we agge that two of three components must be operating in order

for the system to operate. We would expect the performance of this system to be somewhere between

the serial system (all must be operating) and the parallel system (one must be operating).

To modfy the previous model to represent this configuration, we simply need to change the OR gate in
the Requirements treéor the System elemertb anN-VOTEjate:
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Reliability Function Component Properties : System *

Definition  Failure Modes  Results  Graphics  Information

Element 1D: System Appearance...

Description: A gystem consisting of three components, two of which
must operate

Component Status Control & Failure Modes
] Use simple failure rate instead of failure modes
Failure Modes:  Switch to failure modes page

[] Use Importance Sampling for this element
Initial Status is ON Tum on... Tum off .. Replace ..

Model this Function component as a system with child elements

Uperating Reguirements
Logictree represents a: | Requirementsdree 5= X _l‘

’{ &) Extemal Requirements
E-{&) Intemal Requiremerts
=-4) 2VOTE
---q“ Component_A (R-Tree)
---q“ Component_B (R-Tree)
(- Componert_C (R-Tree)

Define operating Resource Reguirements: O Resources

Save Results

8 Edit N-Vote Gate...

Required Votes

Spedfy number of
required votes:

In this case, we have specifi€perating Requirementsonsisting of a Requirements tree thegiecifies
that in arder for the System to operate any two of the componemigstbe operating(they are all listed
undera2-VOTHate in the tree).

If we run this model (again, for 50 days and 1000 realizations) and look at the results for the System, th
failure distribution looks like this:
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Distribution of Time to Failure for "System’

Percenties ah. eOF |l coF | .. ccoF []confidence Bounds
Cumulative Probability Value
0.001 634.7hr
0.01 77441 hr 0
0.05 856,15 hr
0.1 889,23 hr 0.8
0.25 947,23 hr 2
0.5 1028.9 hr E 08
0.75 1118.6 hr 5
0.9 1217 1hr B o4
0.95 1260.5hr L
0.99 1334.5hr 02
0.999 1403.8 hr
0.0
500 200 1000 1200 1400 1600
Statistics Time (hr}
Statistic Value
Mumber of Samples 995 Calculator
Mean 1039.7hr . .
Soi Corae FEC Cumulative Probability: Value (hr):
95% Confidence Bound 1045.2 hr 0.5 - F
Standard Deviation 124,46 hr
Skewness 0.20424 Probability Density: 0.0031528 1/hr
Kurtosis -0, 16775
Conditional Tail Expectation:  1138.6 hr

As we would expect, the MTTF for the system is between that for the parallel and series systems. This is
also the case for the Reliability:

Reliability Function Component Properties : Systern (Result Mode)

Defintion Failure Modes  Results  Graphics  Information

Summary
Results for 1000 realizations with mean duration of 1200 hr.

Measure Confidence Bounds
3% Mean 95%
Operational Availability: 0.8554 0.8603 0.8651
Inherent Availability: 0.8554 0.8603 0.8651
Reliability: 0.1087 0.1270 0.1443

Combined SerieBarallel Systems and Other Complex Configurations

A

The dscussions aboveonsidered S NE & A Y LI S O 2oyfefliyAcahdicieloiné rAoyeaabplex] S Q&
configurationsan order to see how they would be represented in GoldSim

Firstf SGQa O2yaARSNI 0KS FT2tf26Ay3a acadsSyy
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How wauld we represent this system in GoldSinile approach is straightforward and very easy to
implement.First we would create the six componerEunction elementsand place them inside

anotherFuwnction elementthat was specified to be ayStem (i.e., a Container)lhose six components
would have one or more failure modeghe dependenciedlustrated in the diagranare then specified
by defining appropriate External Requirements for the six elements.

Components A, B and C would have no External Requirements.

TheExternal Requirements for Component D would be an OR gate:

=-|&) Bdemal Requirements
! =-IDOR
[ Componert_A (R-Tres)

i ---q? Component_BE (R-Tree)
=-[&) Intemal Requirements

[ [ﬁ)- ~Failed[1] (LogMNomal failure mode)

=-{&) Bxtemal Requirements
¢ @-gl? Component_C (R-Tree)
E-{&) Intemal Requiremerts
[ [>= ~Failed[1] (Weibull failure mode)

The External Requirements for Component F would be an OR gate:

=-{&) Bxtemal Requirements
E‘D OR
H g Component_D {R-Tree)
: [-g Component_E (R-Tree)
E-&) Intemal Requirements
] [ ~Failed[1] (Nomal failure mode)

The External Requirements for Component E would be a simple dependence on Component C:

This would result in the following inflnees to be drawn between the components:
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Compon ent_n\

"///:omponent_[} \

Component_B ﬂ
o]
/ Component_F
@

Component_C Component_E

Finally the System itself would have a single Internal Requirement: that Component F be operating:

[#-g Component_F (R-Tree)

Note that the Requirements tree for tHeunction element repesenting theSystem (shown above) can
be expanded to see the full requiremertse for all components inside the System:

S8 s Requremens]
g Component_F (R-Tree)

£-[%) Bdemal Requirements

BD OR
é---qt‘ Component_D (R-Tree)

2-[&) Bdemal Requiremerts

=-]1) OR
F-gf Component_A (R-Tree)
G- Component_B (R-Tree)

(-[&) Intemal Requirements

=gt Component_E {R-Tree)

EI@ Exdemal Requirements

- Component_C (R-Tree)

E]--@ Intemal Reguirements

[ZI--@l Intermal Requirements

If we run this model, we camiewa causal analyste seewhich components cause failure of the
System:
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Causal Analysis for 'System’

Define Analysis Summary
(") Display Unique States
(®) Display Root Causes States:
Sort by: = ?ntp;:ﬁ:g
(®) Time in State

(") Dceurrence Count

Plot 'Operating’ State

Cause Analysis

* e} Component Operating (957.535 hr, 73.8%)

[=]- Failed - Int, Requirement (242,405 hr, 20,2%)

) [ Causative element: Component_F (144,583 hr, 12%)
;;F Causative element: Component_D (43.0303 hr, 3.59%)
;;F Causative element: Component_E (24.6544 hr, 2.05%)
;;F Causative element: Component_C (24,2568 hr, 2.02%)
;;F Causative element: Component_A (2.94046 hr, 0.245%)
;;F Causative element: Component_B (2.94046 hr, 0.245%:)

[ SiQa y29 O2yaARSNI 2yS FTRRAGAZ2YIFE O2yFAIdzNI GA2Y X
relationships:

Based on the previous discussions, it should be obvious how this would be represented in GoldSim.

First we would create the five components (Function elements) and place them inside aRatiaton
element that was specified to be a System (aeContainer). Those five components would have one or
more failure modes. The dependencies are then specified by defining appropriate External
Requirements for the five elements.

Components A and B would have no External Requirements.

The External Req@ments for the other three components would all be OR gates. Here, for example,
are the External Requirements for Component E:
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=)-[&) Bdemal Requirements
- =-IDOR
H i) Componert_A (R-Tree)
[-g Component_B (R-Tree)
B- @ &) Intemal Requirements
------ [ ~Failed[1] {LogNomal failure mode)

This would result in the following influences to be drawn between the components:

Component_ / .;.mponent

\
e

&)

Component_B Companent_D

Finally the System itself would have anternal Requirement that was an OR gate:

------ &) Bxtemal Requirements
EI {&) Intemal Requiremerts
BD OR
---g“ Component_C (R-Tree)
(- Component_D (R-Tree)

Modeling Repairs, Replanent and Preventive Maintenance

In the previous sections we discussed how failure could be modeled in Gold®iany systems

failures can be repaired (or components completely replacadd in order to model the actual
performance of the system (e.g., the availability), mezdto be able torepresent these repaits
Moreover,becausedesigning an effective preventive maintenance program is one of the more powerful
applications of reliaility modeling we want to be able to model such a prograigelow we show how

GoldSim can readily represent repairs, replacement and preventive maintenance.

Modeling the Repair of Failure Modes

Recall the model that we discussed earlier that involvedglsicomponent with three failure modes.

We noted that the component hadRailure Modegab that looked like this:
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Reliability Function Component Properties : Component

Defintion  Failure Modes  Results
Failure Models)

1} Type Description ~
Weibull -
1 | Characteristic life & |Mode X: Weibull
slope factor
2 |Mormal Mode ¥ Mormal
Loghlormal - Mean .
3 and S0, Mode Z: LogNormal
v
Add... Remove
[ import failure modes — Part 1D: I:l Import Mow
Advanced failure mode control varable options: Settings...

Failure Mode Parameters

Characteristic Life: Slope factor:
|1[H}D hr 2

[] Automatically repair failures

Delay distribution type: Bxponential A

Mean delay time until repaired:
0.0k |

Specify resources required to repair: O Resources...

Cancel Help

In this case, the first of the three failure modes (the Weibull) is selected, dedihee Mode
Parameterssection of the dialog showtke inputs for that mode. The inputs for the other two modes
could be accessed by selecting them at the top of the dialog.

Note at the bottom of thedialogthere is an option tcAutomatically repair failures If we check this box,
we can define a repairrtie distribution for the failure mode (as either an Exponentgdmma or
LogNormal). If a failure mode is set to automatically repair failures, when a failure occurs due to that
mode, the repair time is sampled from the distribution, and after the timespasthe failure is
considered to be repaired (and if the component has not simultaneously failed due to other modes, it
becomes operiale again). Eactailure mode can be assigned a different repair time distribution.

In this model, we will assign Exponihtrepair time distributions for each of the three failure modes,
with mean repair times of 100 hr, 150 hr, and 50 hr, respectively.

After running the model (for 300 days and 10@@lizations), we can plot theas&us of he component.
Recall that the tatus is r@resented by an integer, and #afius of 0 indicates that th component is
operating and atdtus of 2 indicates that for one or more reasons, it is not. Here is a time history plot of
a single realization ¢alization #6 of 1000) for theaus for this component:
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As can be seen, the component repeatedly fails and is repaired throughout the simulation. Due to the
differences in the repair time distributions for eachthe failure modes (and the fact that the times are
sampled from distribution), we see a variability in thane to repair a failure.

[8(GQa y26

Defintion  Failure Modes  Resutts

Summary

t221 |

Reliability Function Component Properties : Component (Result Mode)

Results for 1000 realizations with mean duration of 7200 hr.

0KS adGlraradaAaort NBadzZ G4

Measure Confidence Bounds
5% Mean 95%
Operational Availability: 0.7890 0.7915 0.7940
Inherent Availability: 0.7850 0.7915 0.7940

Reliability:

0.0000

0.0000

0.0000

TheReliability of this component it zero (it never survives for 300 days), buttthailability is about
79%. That is, it igperating about 79% of the time.

Note that GoldSim computes two different Availabiliti@aeOperational Availabilityrepresents the
fraction of time the component has be@peratingover the simulated time. Thaherent Availability

represents the fragon of time the component has beaperableover the simulated time. In this
simple model, these are the same. However, in many models they will be different. This is because a
component could be operabl@infailed), but may not be operating. There ar@umber of reasons that
this could be the case. For example, we could chooskefime events thaturn a component off and on
(e.g.,perhaps it only operates during certain shifts):
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Reliability Function Component Properties : Component

Defintion  Failure Modes  Results

Element 1D:

Qmpa Appearance ...

Description: Componet that fails due to multiple failure modes

Component Status Control & Failure Modes
[ Use simple failure rate instead of failure modes
Failure Modes:  Switch to failure modes page

[] Use Importance Sampling for this element

Initial Status is ON Tum on.... Tum off .. Replace...

[] Model this Function component as a system with child elements

If we did so, the Operational Availability would be smaller than tinedent Avaability because the
component ould beoperable(unfailed), but would not beperatingfor certain periods because it was
turned off.

When repairing a failure mode, GoldSim provides you with the ability to define exactly what a repair
means. Bch failure mode has a dialog to define thailure Mode Control VariablFMCV)

Control Variable Settings

Define Failure Mode's Control Variable (FMCWV)

Base variable: | Operating Time

Initial Value: Acceleration Factor:
0.0 hr - |1.u

Repair Definition

When repaired, reset FMCV to: |U-U hr

Repair Upon Preventive Maintenance

Repair mode if this condition is true: |~FM_FaiIed

The FMC\5 the variable that is referenced by the failure mode to determine when failure occurs (i.e.,
the control variable represents theakis of a failure distributioplot). It defaults to Operating Time, but
can also be specified as Total Time or, as we willaeg to a userdefined metric such as mileage.

In this dialog, you can specify what happens during a repair (i.e., what the FMCV is reset to upon repair).

Resetting the FMCYV terois equivalent to replacement (i.e., making it as good as new). But you could
also set it to a pative value (e.g., using a refurbished ptrat already has some wear on).it

Modeling Replacement and Preventive Maintenance
GolSim provides the ability to model maintenance in two different ways:

1 You can schedule a periodic replacement of the entire component (which repairs all failures and
resets the FMCYV for all failure modes to zero).
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1 You can schedule a periodic preventive m@nance. When you do so, you can specify that the
maintenance only impacts certain failure modes and/or only resets their FMCVs to specified
values.

By doing so, you can run simulations to predict how different maintenance regimes impact system
performarce.

ModelingComplex Interdependencies abgnamically Changing Systems

In the sections above, we illustrated how GoldSim can reautiigel the failure and repair of systems of
components¢ KS ANB I (i LR sidNdtichFased &préaghAnvn@der,its ability to
represent systems that cannot easily be represented by traditional approaches, including:

1 Systems that can be impacted by external environmental processes, and wuogsties can
change suddenly or gradualig the simulation progresseand

1 Systems that have complextérdependenciessuch as situation where the failure of one
component causes anoth@omponent to wear more quickly oron-fatal failures (i.e., failure
modes that only partially degrade the performance of a component).

This section will briefly illustrate the power and flexibility that GoldSim providdisis regard by
discussing a number of examplessath systems.

GommonMode Failures

Commonmode failuresare used to represent thiact thatthe failure rates of diffeent components
may not be independent. There are a number of factors that could cause such a dependagoey
from the components sharing the same power supply to components responding to external
environmental conditions in the same manner.

When thisis treated in traditional methods it is often treated in a very simplistic (eag., by adding a
G 02 YY2Yy fatuBemSeéries with those components sharing that failure modies
straightforwardfor GoldSim to handle the system in such a simplg.wor example, if you had three
parallel (redundanttomponents, you could simply include them inside a System (as weealitbusly,
and then assign the commemode failure to theentire System:

------ Extemnal Requirements

=-{&) Intemal Requirements
_E) OR
+D Component_A (R-Tree)
+D Component_B (R-Tree)
J:r---r_n Component_C (R-Tree)

If the components all depended on a common componerd.(ea power supply), this would also be
straightforwaid. The way to represent this (BoldSim would be to simply create a dependency between
a power supply component arehch ofthose components (such that if the power supply failed, the
components allisnultaneously failed):
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Power Supply Component_B
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Component_C

Both of these methods cause the system to fail in responseftilure that affects all three components

simultaneously.

A more realistic representation of a dependence between failure modes (that is impossible to address at

all using traditional methods) is that failure rates foultiple componentamay be simultaneously
acceleratede.g., due to environmental conditions), but the components do not necessarily fail at the

same timeas a resultWe discuss that below.

Respondinga Evolving Operational Environments

In many cases, a failure mode may be affectedyoyamically changingnvironmentalfactors. For
example, the wear on eomponent mighte accéeratedin hot environments. Moreover, it is possible
for multiple components to be impacted by the same factor.

GoldSim provides a powerful way to represent this. For each failure mode, you can specify an
Acceleration Factar The Acceleration Factor is a naagative real number which multiplies the actual

h LJS Nile.(itA y 3
changes the failure rate)Setting this value to a number less than one means the component will age
slower than normal (failure is decelerated), and setting it to a humber greater than one will cause the
component to age faster than normal (failure is accelerated).

OKIFy3aS Ay

GKS ol a

51 NR |

of S

6SdaP:

For example, we might have a component which ages twice as fast when it operates @mambi
temperatures of greater than 40 degrees Celsius.epoesent this, we would simpgpecify the

following expression in thAcceleration Factofield:

Define Failure Mode's Control Variable (FMCWV)

Base variable: | Operating Time

Initial Value:

Acceleration Factor:

|[J.D day v | [If <

If two components had a similar dependency, they would not necessarily fail at the same timethut b

of their failure rates would be accelerated at high temperature.
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Load Sharing Systems

Another example of dynamic failure behavistthat associated with lmad sharing system A simple
example of such a system is one in which two components acrallpl (i.e., are redundant), but if one
component fails, the failure rate of the other component increases as a result of the additional load
placed on it.

Traditionally, this would be handled using a Markov analysis (which would be straightforwaisl in th
simple case, but would get much more difficult if additional components and states needed to be
considered.

In GoldSim, this can be represented very simply using the ganmeleration Factodiscussed in the
LINSGA2dza aSOGA2Yy d tha# dme & the cyhydbnénis fafle8, iveviant khé faildry S
rate for the other component to increase by 50%. We could represent this by definilsgcaferation
Factorfor the failure modes for Component2 as follows:

Define Failure Mode's Control Variable (FMCV)

Base variable: | Operating Time

Initial Value: Acceleration Factor:
|D.D day v |if:jComponent1 =0, 1, 1.5)

Note that itreferenceghe Satus of the other component (Componentl). Recall that the main outplu
a Function element is its Status. That@s takes on an integer value throughout teienulation(e.g., O
if operating, 2 if failed; 4 if turned off, etc.). In this case, we are sayingftBamponentl is operating,
there is no acceleration; if it is not operating, tAeceleration Factois 1.5 (failure is accelerated by
50%).

Of course, Componentl would have a similar reference fagkdtleration Factofit would reference
the statusof Component2)Hence, representing such a complex dependency in GoldSim iamésy
intuitive.

UsingPhysicalhBasedrailure Mode Control Variables

As pointed out previously, in GoldSim each failure mode for a component has a dialog to define the
FailureMode Control VariabldFMCV). The FMCYV is the variable that is referenced by the failure mode
to determine when failure occurs (i.e., the control variable represents theix of a failure distribution
plot). It defaults to Operating Time. It can alsodpecified as Total Time (whigdlffers from Operating
Time due to failures, as well asmponens thatcan be turned off For certain types ocdomponents

the FMCV can algepresent the number of cycles (number of landings, number of times turned on,
etc.).

In addition you can define a custom, usdefined FMCVThis is important becausa some cases, it

may be appropriate to define a failure control variable that is defined with respecptiysicallybased
variablesuch as mileage or perhaps thaneulative load Any monotonically increasing function can be
specified as a base variabBecause GoldSim is a flexible and powerful dynamic simulator, it can easily
model and track suctariables (recathe beginning of this paper when we illustratedvin&oldSim

could track the amount of water in a pond).
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For example, if we were simulating an automobile, we could model (in great detail) the accumulated
mileage (accounting for seasonal trends, etc.). We would then define this as the FMCYV for varims failu
modes:

Control Variable Settings

Define Failure Mode's Control Variable (FMCV)

Base variable: | User-defined w Units:

Base variable definition: |Mileage

Initial Value: Acceleration Factor:
|o.o mi v |1.0

Standby Systems

Many systems have backup components that can be switched on in the event of a failure of a primary
component. Such a system provides an excellent example of the power and flexibility of GoldSim, and
also provides an example thfe use of theAction element.

The example we will consider is shown below:

B

@ o ﬂ

Primary Backup

Primary and Backup are simply Function elements (like those we have discussed previously). They have
identicalfailure modes. There is one key difference: Primaiyitiglly On(the Initial Status is ONs
checked)
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Reliability Function Component Properties : Primary

Defintion  Failure Modes  Results

Element 10 |m Appearance...

Description: This represents the primary component .

Component Status Control & Failure Modes
[ Use simple failure rate instead of failure modes
Failure Modes:  Switch to failure modes page

[] Use Importance Sampling for this element

Initial Status is ON Tum on.... Tum off .. Replace...

[] Model this Function component as a system with child elements

while Backup is initially Off:

Reliability Function Component Properties : Backup

Defintion  Failure Modes  Results

Blement 1D: |o Appearance...

Description: This represents the backup component.

Component Status Control & Failure Modes
[] Use simple failure rate instead of failure modes

Failure Modes:  Switch to failure modes page

[] Use Importance Sampling for this element
[Jiritial Status is ON v Tumon... | .+ Tumoff.. Replace. ..

[] Model! this Function componert as a system with child elements

Note the¢ dzNJY ar®l¢ dzNY/ b@tdns. XVe will discuss these shortly.

2S500S Tt NBIFIRe YSyYyiA2ySR (KIFd CdzyOliaAaz2y StSyYSyia 2adz
output. ! Y2y 3 20KSNJ 0KAy3Ias GKSe 2dzilldzi aSOSNIt GeLlSa
discussed how GoldSim elements can generate and process events (discrete occurrences or

transactions). Whenever a Function element fails, it generates art évamed StopOperating).

Whenever it is repaired, it generates another event (named StartOperating). We can then use these two
events to model this system.

The elements named Backup_On and Backup_Offatienelements. They are similar to Function
elements (e.g., they can fail), but they are used to model different kinds of compon&hisieas

Function elements are used to model components which operate continuously once turned on (e.g.,
pumps, engines), Action elements are used to represent compormnenitsh must respond to a control
command or condition (e.g., switches, relays). In this example they represent switches that turn the
Backup component on and off. Note, however, that these may fail when triggered to do so (i.e., they
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canfail on demand. In GoldSim, among other things, we can spezifyobability that a triggered
Action will be successful.

Action elements are triggered to act byspecifiedevent, and if they are successful, theyturn emit an
event named ActionQK(If the Action isuinsuccessful, it generates an event named ActionFaildu)
Action dialog looks like this (note tli#ement Action Trigger

Reliability Action Compeonent Properties : Backup_On

Definition Delay ~ Failure Modes  Results

Bemert ID: |m Appearance...
Description: Represents the control system that tums the backup on.

Component Status Control & Failure Modes
[] Use simple failure rate instead of failure modes

Failure Modes:  Switch to failure modes page

[] Use Importance Sampling for this element
Initial Status is ON Tum on... Tum off... Replace. ..

[] Model this Action component as a system with child elemerts

Handle action intemally:

Element Action Trigger: W Action’...

Operating Requirements
Logic4ree represents a: | Requirements4ree 3= X )/.

k o [&) Extemal Requirements
/&) Intemal Reguirements

Define operating Resource Requirements: O Resources

Save Results
Final WValues Morte Caro Histories

Cancel Help

The StopOperating event from the Primary is Element Action Triggefor Backup_On. It, in tutrif
successfulemits an eveh(ActionOK) that triggers thBackup to tirn on {ia the¢ dzNJ/ bi&tgh ¥ the
Function dialoy Once the Primary is repaired, it emits a StartOperating event that becomes the
Element Action Triggefor Backup_Off. It, in turrif successful, emits arvent (ActionOK) that triggers
the Backup to turn off (via th€urn offX button in the Function dialog So the annotatetbgical
structure looks like this:
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o e
.a/

StopOperating Backup_On . ﬁ'y:'.iﬂnOK .
[Triggers Action) - (Triggers On)
f.f \\

/ Y
Primary Backup
\ A

Start i 7
tartOperating ActionOk
(Triggers Action) I'Tric;:'ers off)
---_-_-__h B ___-----J

Backup Off
This provides a powerfuihtuitive and flexible way to model standby systems (and failure onateiih

NonFatal Failures

Sometimes components can fail in such a way that the system still operates, but does not operate
optimally or as designed. An example of this is the failure of three state deViues state devices are
components that can banfailed> Ol y F I dafifaila LB FEREND AK2 NI SRO P

The previous discussion should provide an indication of how such a device can easily be represented in
GoldSim. An Action element would be used to representkindce(e.g., a switch or valvéhat & 2 LSS y

2 NJ a&Bageil Sn whether or not the Actionssccessfulvhen triggeredyarious events are

generated (ActionOK or ActionFailed), dychppropriatelyresponding to these event§oldSim can

then track at any given time th&tate of the devie.

A more interesting (and complex) example of a fiatal failure is a case where a failure causes
degraded performancdmagine, for example, pumpthat normallypumpsat a particular speed (and
hence has a particulaiutflow). Perhaps one of its failermodes results in the entingump stopping.

But perhaps another failure mode may simply causephenpto operateat a slower speed (resulting in
a loweroutflow). How would we model that®e will discuss that very important topic in the next
section.

Modeling Consequences of Failure (System Performance)

In the previous sections we have provided an overview of the power and flexibility that GoldSim
provides for modeling the failure and repair of components in both simple and complex systems (and
computing reliability metrics such as reliability and availability, as well as carrying out causal analysis).

However, although these metrics and analysis can be of value and interest, what is often of greater
interest are the actuatonsequencesf failure (e.g. changes in throughput, costs, and other measures

of system performance). That is, the entire reason we are modeling the reliability of the system in the
first place is because it performs some function (e.g., fprecesesmaterial) , and we want to

optimize key measures of that function (e.g., the throughput of material, the unit cost of processing the
material).
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This iseasilyfacilitated within GoldSim because it is first and foremost a powerful and extremely flexible
general purpose probabilistatynamic simulator that has been used to simulate the behavior and
evolution of a wide variety of complex systems ranging from environmental systems (e.g., mines,
watersheds, waste disposal sites) to engineesgstemge.g., processing facilities, machinspace
missions) to business systems (e.g., companies, projects). That is, GoldSim has the capability to
realistically model the performance of complex systems.

By combining these fundamental capabilities with the features we have described above (rgdbeli
FIAfdzZNBE YR NBLI AN 2F SYyaAySSNBR O2YLRySyiGavz D2f
that canrepresentl) evolving environmental conditions2) the realisticdynamic complexity of failure

of components within the system (e.ggmplex interdependencies, failure rates that respond to

evolving environmental conditions); and 3) the actcahsequencesf failure (e.g., changes in

throughput, costs, and other measures of system performance).

To illustrate this in avery simpleexadf S> t SG Qa O2 ypanmpeisosbed &6vaMe ik S 2 F (K
do this byrevisitingthe simple pond model that we discussed at the beginning of this paper. Recall that

water flowed into the pond, the pond leaked, and a pump removed water from the pdiemodel

looked like this:

Capacity \

.

% I'J

O]
Inflow / / Pond W
|

Pumping_Rate _f.;:

Leakage

The pond had a capacity, but in our example, this was never reached. We will modify this simple model
in two ways:

1. We will assume that the pump can fail with two different failure modes:
9 One shuts the pump down completely;
9 Onecuts the pumping rate in half (from 5 m3/day to 2.5 m3/day)
2. When the pad reaches its Capaci¢75 m3) it overflows into a second pond.

We are interested in how much water overflows over the period of interest (say 1 jibat)is, our
performance neasure(i.e.,the consequence that we are interested is)thecumulativeamount of
water that flows intothe overflow pondover the year

The newmodelstructureto represent thidooks like this:
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7 Consequence Model
Capacity
N— (]l —
Reliability o
Model Inflow Pond Overflow_Pond
» AW
- !\E"}_
Pump Pumping_Rate ‘f.;t'
Leakage

The Pump element has two failuneodes defined. Bothra Weibulls.

The firstfailure modehasa Characteristic life &#50days and takeapproximately20 days to repair:

Reliability Function Component Properties : Purmp

Definion  Failure Modes  Results
Failure Mode(s)

D Type Description ~
Weibull -
1 |Charscteristic lifs & |Fatal
=slope factor
Weibull -

2 |Characteristic life & |Degraded
slope factor

Add... Remave

[ Import failure modes ~ Part 1D: l:l Import Mow

Advanced failure mode control varable options: Settings...

Failure Mode Parameters
Characteristic Life: Slope factor:
1250 day 2

Automatically repair failures

Delay distribution type: BExponential w
Mean delay time urtil repaired:
= |

Specify resources required to repair: O Resources ...

Cancel Help

Thesecondfailure mode has Characteristic life of 20fays and takes approxetely 15days to repair:
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In addition to representingtte failures and repairs, however, we want to represent¢basequencesf
the failures. In particular, we want to represent that fact tlifahe pump fails by the first mode, it is
fatal (it stops pumping completely), while if it fails by the second mtuke pumping rate is cut by half.
So how do we represent tlseconsequences on the pumping rate?

2S500S YSYyiAaA2ySR aS@OSNIft GAYSa (GKFdG CcdzyOiAaAz2y 6F YR
referenced (e.g., Status, StopOperating, StartOperatidugdther of these outputs identifies whether or

not the component is currently failed by a particular mode. In this case, an output named

Pump.Failed[1] is true if the pump is currently failed due to the first failure mode, and false otherwise.
Similarlyan output named Pump.Failed[2] is true if the pump is currently failed due to the second

failure mode, and false otherwise. These can then be used to define the Pumping_Rate as a function of
time. The Pumping_Rate element is what is known in GoldSa$akectorelement. A Selectaimply

provides a straightforward way to create nested if, then logic:
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