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This paper introduces an analytical approach, Probhkility and Confidence Trade-space
(PACT), which can be used to assess uncertainty imternational Space Station (ISS)
hardware sparing necessary to extend the life of thvehicle. There are several key areas
under consideration in this research. We investigat what sparing confidence targets may be
reasonable to ensure vehicle survivability and forcompletion of science on the ISS. The
results of the analysis will provide a methodologal basis for reassessing vehicle subsystem
confidence targets. An ongoing annual analysis cuently compares the probability of
existing spares exceeding the total expected uniechand of the Orbital Replacement Unit
(ORU) in functional hierarchies approximating the wehicle subsystems. In cases where the
functional hierarchies’ availability does not meetsubsystem confidence targets, the current
sparing analysis further identifies which ORUs mayrequire additional spares to extend the
life of the ISS. The resulting probability is depedent upon hardware reliability estimates.
However, the ISS hardware fleet carries considerabl epistemic uncertainty (uncertainty in
the knowledge of the true hardware failure rate), viich does not currently factor into the
annual sparing analysis. The existing confidence tgets may be conservative. This paper
will also discuss how confidence targets may be eeled based on the inclusion of epistemic
uncertainty for each ORU. The paper will conclude \th strengths and limitations for
implementing the analytical approach in sustainingthe ISS through end of life, 2020 and
beyond.

! Technical Engineer, 1SS Supportability AnalysisS&pply Support, MTS Inc, 13100 Space Center Biv@; M
HB3-30, Houston, Texas, 77059, and AIAA Member.
2 Senior Engineer/Scientist, 2101 NASA Parkway, HousTexas 77058/JSC:OE (4S/3906F), and AIAA Member
® Probabilistic Risk Analyst/Electrical Engineer,0(AINASA Parkway, Houston, Texas 77058/JSC:OE (4%BY.
* Technical Lead Engineer, ISS Supportability Anily& Supply Support, The Boeing Company, 13100 8pac
Center Blvd, MC HB3-30, Houston, TX, 77059.
® Technical Engineer, 1SS Supportability AnalysisS&pply Support, The Boeing Company, 13100 Spacée€en
Blvd, MC HB3-30, Houston, TX, 77059, and AIAA Membe
® |SS Strategic and Tactical Logistics and MainteearLead, 2101 NASA Parkway, Houston, Texas
77058/JSC:0OBS.
" Risk Manager, International Space Station SafetMi&sion Assurance/Risk Office, 2101 NASA Parkway,
Houston, Texas, 77058/JSC:OE.
1
American Institute of Aeronautics and Astronautics



I. Introduction

The International Space Station (ISS), as shown
Figure 1, was originally designed to operate ur
2015. Currently, the international partnership h
agreed to extend operations until 2020 and he
further agreed not to take any actions that wot
prevent extending the mission beyond 2020. Ez
international partner is responsible for tr
sustaining engineering, sparing, and maintenance
their own segments. The National Aeronautics a
Space Administration’s (NASA’s) challenge is t
provide sufficient resources to maintain tr
functional availability of the ISS systems in th
United States On-Orbit Segments (USOS).

Prior to retirement of the Space Shuttle, spal _

had already been purchased and in many cases Fi 1. Overall Vi £ 1SS Fi h Il vi ¢
positioned on-orbit to meet the critical IS [ '9Ure . verail VIEw of 15=.Fgure Shows overal VIew o

Nt . ts th h th . the International Space Station (ISS) taken asthsdtle
maintenance requirements throug € Previou e qeavour departed the end of the S-134 missio (6).
expected end of life of 2015. However, with th.

ISS operating to an uncertain date in the future,Rrogram will now be in a continuous sustainifigreto extend
the life of the ISS. This sustaining effort musteeed in a highly resource constrained environnisapply
vehicles, crew-time, spares quantities, and budgetall potentially constraining). While long leéiches may
suggest the advisability of early decision-makita frocure additional maintenance spares), expegisuggests
that such decisions should be delayed as longissagasonable to do so. Delaying procurement messllows the
program to gather additional performance data enl86 components and spares and thus make betisiods.
When assessing maintenance demands, the Prograsdeenthat some graceful degradation of functional
redundancy may be acceptable near end of vehiele li

The methodology for assessing spares requirementmdintenance is continuously reviewed and impiove
One area that has not previously been quantifieddmtenance analysis is the epistemic uncertamttgrent in the
reliability estimates for the ISS hardware. Whiéstrisk has been implicitly understood, its imphat not been
explicitly included in the maintenance assessments.

This paper introduces application of an analytaggbroach to assessing this epistemic uncertaintgrimponent
or sparing reliability rates of ISS hardware neaggdo extend the life of the vehicle. For a givaamponent or
group of components or spares, we look at traditagget probability of sufficient spares with thenfidence in that
target probability. This paper will conclude wittrengths, limitations, and future challenges fopliementing the
analytical approach, Probability and Confidenced€rapace (PACT), for use in sustaining the 1SSalehi

II. Key Concepts and Definitions

The following sub-sections will briefly define untainty and other key definitions that will be usiedother
sections of the manuscript.

A. Sources of Uncertainty
Uncertainty can be categorized as two distinctdypéeatoric and epistemic.

Aleatoric (or stochastic) uncertaintis indicative of natural, intrinsic randomnessr{@hility) in a physical
process. Aleatoric uncertainty cannot be supprebgetiore accurate measurements and is irreduciidertainty

D).
Epistemic uncertaintyor reducible uncertainty) is due to a lack of Wiexge (or data) about the processes,

models, parameters (e.g. failure rate), and behawsed in the analysis. “Failure rates are unagrtsometimes
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because failure information is sparse or unavalaé#hd sometimes because the very applicabilipvaflable data
to the case at hand may be in doubt (1).” Onlytepigc uncertainty is reducible through operatiangierience.

It is important that both natural variability of ydical processes (i.e., aleatory or stochastic nmicgy) and the
uncertainties in knowledge of these processes (iepistemic” or state-of-knowledge uncertaintye gsroperly
accounted for (1). In practical applications, bkitids of uncertainties are almost always present.

B. Model Parameters
Confidenceis a measure of the fidelity of an estimate. Cafick indicates the soundness of the estimate.
However, confidence does not predict the true vafueeparameter.

Error Factor (EF) is the ratio of the upper 95th percentile 5@th percentile (median) in a lognormal
distribution. Greater values of the EF correspoadat wider distribution and greater uncertainty. Arrow
distribution, as EF approaches one, implies mordidence.

Operational Failure Ratés the expected number of inherent failures ofet for ORU) during operation per
unit time. The operational failure rate is deteratirby Bayesian analysis using original reliabilisedictions,
observed operating time and failure history, arsiased Error Factor.

Probability of Sufficiency(POS) is the likelihood that sufficient sparessexo repair all failures. “Whenever
possible, the specific spare parts and quantitie@qgsed should be based upon probabilistic equatiging
parameters such as predicted/designed consumpditers, ravailable empirical data, engineering esémaif
predicted use of the spare parts, and the overaltigbility of sufficiency (POS) assumed POS is the probability
that the spare parts will be available when neddpt

Confidence Targes the desired confidence in POS value. Confiderssesses the uncertainty around the POS.
For instance, instead of saying that the POS is 1% given Orbital Replacement Unit (ORU), on& cay for
example that there is a 50% chance that the PGS lisast 90%. This added dimension gives insigtd the
uncertainty of calculations. Confidence is exprdsas a percentage where 100% implies total ceytaintfull
confidence.

[ll.  Uncertainty and Risk in ISS Maintenance Projections

How many equipment failures will the ISS experietiue year? How many over its lifetime? Which ecuégnt
will fail? When will it fail? What is the lifetimef the 1SS?

These are the questions that must be answeredén tar safely and successfully sustain the orbitioigplex of
laboratories, environmental systems and utilitytesys that comprise the ISS.

Fundamentally, every project, plant, business, éaces the same sorts of questions. ISS faces somee
challenges, among them: Unique hardware, small lptipas, challenging delivery channels, harsh eminents,
limited storage space, and limited crew time tdquen repairs.

ISS Logistics and Maintenance (L&M) has taken arisgaapproach that aggressively protects for sueces
through end of life (currently assumed to be 2@B6ugh analysis through 2028 has been performedi iannual
Sparing Analysis. ORU failure rates are based dh bdginal predictions using MIL-STD 217 (3) anpevational
experience (via Bayesian analysis). Monte Carloutations distribute failures around a range of galassuming
an exponential distribution and are used to prdgtire impacts across vehicle life. A large numbgsimulations
are performed (typically 1000); confidence that thehicle systems meet at least minimum requirecttional
targets is determined by counting the percentagihetotal simulations that meet or exceed theetangnimum
configuration. Spares are deemed sufficient wherctinfidence percentage meets or exceeds a spemifididence
target. Historically, these targets have been awasige, ranging between 85% and 99.5%.
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This approach represents the natural variabiligsent in hardware reliability; that is the inhereaort aleatory,
uncertainty that is present when evaluating failprejections and spares sufficiency. This inhenemtertainty
persists regardless of increases in knowledge;nbt reducible.

This approach includes an implied assumption thatfailure rate estimate used in simulation istthe failure
rate of the equipment. In reality, there is alsgartainty as to the true value of the failure rdteis represents a
primary source of epistemic uncertainty (uncertaidtie to incomplete knowledge). Epistemic uncetyaiis
reducible with increased knowledge. For ISS ORUUfairates, this increased knowledge derives froprating
experience (as opposed to life testing that mighpérformed for equipment that is less expensivenare widely
used).

Due to the small populations, as well as uniquerdsthe hardware and operating environment, there i
significant uncertainty in determining true failurate. Current methods bound the failure rate edés) but the
bounds are not taken into account in the simulateomd calculations. Upper and lower bounds areacterized by
an error factor. Initial error factors were assunpedgram wide (to be equal to 4). The applicatiérBayesian
analysis to the predicted failure rate and obsepptating experience (operating hours and fatistory) results
in an improved estimate of failure rate and redusgistemic uncertainty to the extent that operatiogrs and
failure history increase knowledge.

Outputs of the Bayesian update process also in@dupesterior error factor. A decreasing posterioorefactor
guantifies the extent to which epistemic unceriaimis been reduced. The error factor also impaetssize and
shape of the trade space of sufficiency and confidgthis will be illustrated in a later sectiohote that some
uncertainty remains for any error factor other tbhae (where error factor equal to one representgptmie certainty
of the true failure rate, and is not realisticaltjainable).

There may also be other sources of epistemic uaingrtin the failure distribution. For example, thetual
distribution may not be exponential. Also, as yetliscovered wear-out modes may exist that mighténice the
failure distribution.

The calculated confidence numbers of the currerthoumlogy can thus be shown to be incomplete siheg
do not take into account epistemic uncertaintythin past, this has driven high targets to compen#fatonfidence
is determined by taking into account both aleatang epistemic uncertainty, then less extreme tsrgety be
acceptable and still support successful maintenahttee ISS through end of program life.

IV. Overview of Current Approach to Sparing Assessments

The current practice for the ISS sparing assessmsrd combination of quantitative analysis andiresgying
judgment annual assessment involves intense ca@iioin among engineering teams and program boards. T
Logistics & Maintenance (L&M) office in the Vehicldirectorate at Johnson Space Center sponsoradtiisty.
The findings from a sparing assessment have wigdicagpion, from supplementing periodic Original Eguent
Manufacturer decision packages, to supporting Gowent Accountability Office audit (4). The assesshw@ives
indication of the risk in supporting the vehiclli

As of 2011, the L&M annual sparing assessment nsodpproximately 30 vehicle sub-systems (for example
thermal control, guidance and navigation, environtalecontrol and life support), which comprises rpgmately
300 unique ORUs. Roughly half of the sub-systengs raodeled as groups of ORUs with hierarchal opmmati
through vehicle life in a discrete event simulationl. These functions are subject to a confideaoget. Where the
ORU does not meet a level availability to provide the function-wide target at minimum configurati@additional
ORU spares are identified. Alternatively, the remvag sub-system ORUs are modeled as stand-alorixwvhes
where the failure of one ORU does not impact therafion of any other hardware. These ORUs are sutgjegarget
thresholds for determining additional spares ag, wet with a simpler approach to measure ORU atidity. This
sub-set of ORUs will be used to describe the poésdentifying appropriate sparing for the enf@pulation as
the process can be applied to the entire populafiigure 2 illustrates the current process flow.
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Figure 2. Current Process Flow Figure shows flowchart for the current process flosed to obtain the ORU Probability
of Sufficiency (POS). The posterior error facton@t input in the Poisson Process.

Prior Error factor

v
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Underlying the sparing assessment is a Bayesiaatepsrocess on the ORU failure rates. The ISS Bpeci
application of Bayesian inference updates the ptedi ORU failure rate (prior) given operational expnce
resulting in an operational (posterior) ORU failuat¢e. Operational experience is defined as the {ieng. number
of hours) an ORU has been activated and the nuoftr@andom failures observed. A prior and postegigor factor
(EF) are parameters to the Bayesian update proddms.EF weighs ORU operational experience agaimst t
predicted ORU failure rate. The ISS Program culyeuges a prior EF equal to four. The process finart (Figure
2) indicates that the operational ORU failure riat¢hen used as input into a Poisson process. i$tasstatistical
technique based on the cumulative Poisson probabiltribution estimating the probability that OR&llures in a
projected time period do not exceed the numberRUGpares. Hence, we are provided an indicatiothe@fORU
probability of sufficiency (POS). This estimatecismpared against an arbitrary target probabiligt traries from
ORU to ORU, function to function. Conceptually, tROS estimate can be represented as a single danahs
value, ranged 0-100%, at a given point in time, parad to a desired target, as shown in Figure 8. Héisson
process is not equipped to define the confiden@ni®RU POS value. Instead, we infer absolute denfie in the
estimate.
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Un-quantified Confidence in POS
Figure 3. Current Model of ISS Sparing Risk.Figure shows graphical interpretation of the curteparing approach.

This process has proven useful, for it distinguishe area of ‘Accepted Risk’ in the ORU sufficieratya given
point in time, and an area of ORU sufficiency, witlobability value n% as shown in Figure 3. Thisyiies insight
for risk informed decision making.

Figure 3 includes a straight line cutting throulgé probability/confidence region. Confidence altinig line can
be interpreted as absolute; POS is independenbmfidence. This is a limitation in the current pgree. With
modification of the process, the region can be usedisplay the epistemic uncertainty in ORU faglurates.
Intrinsic to every POS estimate there is epistaunicertainty in the ORU failure rate that the Paispoocess does
not capture. This uncertainty can be representedcamfidence in the probability estimate. The warfce allows a
second dimension to be quantified as shown in Eiguof the following section.

We demonstrate this approach with a generic standaDRU; its failure rate 1.00E-5, a projected tjpaeod of
9 years, and its baselined number of spares, & @ample can be replicated in Excel or using retaistical
software.

Given these input parameter values, the ORU PCGH96 through 9 years. If we were to consider meesing
target desired by the program in that time fram8%%6, one additional spare would be indicated @mabsessment.
Importantly, this number is typically not used agracurement recommendation. Other factors areideresd such
as budget, procurement lead-times, manifest canttraand repair capability. The ISS Spares Assessns a
coordinated effort involving many stakeholders sashengineering experts, suppliers, and progranmagenent.
Since we have uncertainty in the ORU failure ratefundamental input to the model, various constitara
accommodate risk mitigation postures that coultiatd operational strategies, redesign work, oorfiization on
return flights to support ORU, function and ultirelgt vehicle configuration through end of life.
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V. Overview and Discussion of the Proposed Approach

By including epistemic uncertainty, we construch@re complete model.
Figure 4 illustrates modifications to current preetwhich allows us to do so. This approach isechProbability
and Confidence Trade-space (PACT) Evaluation.

I
( Bayesian I [ Bostarior ORU (@ Log Normal ) I
. osterior
ORUhoperatlng Update Process sl Process I
ours
| (1/MTBF) ORU Probability |
I of Sufficiency |
l I
l I
ORU failures > I Spares > |
l I
l I

Confidence in

—_ /
the Probability
Posterior Error \\ Estimate
=

|

I factor >
A //

| \/

|

|

|

Y

Prior Error factor >

Figure 4. PACT: Proposed Process Flowkigure shows flowchart for the current process flaged to obtain the ORU
Probability of Sufficiency (POS) and confidencéhia probability estimate.

In PACT work flow, the Bayesian update process liemainchanged. However, the posterior EF is now
integrated into a Lognormal process. The Lognonmnatess is a statistical technique similar to this$dn process
but includes an additional parameter (EF) for deieing the distribution variance in ORU failureeat

Higher EF values reflect higher levels of uncettaiim the ORU failure rate; whereas lower EF valuél
narrow the distribution variance, thus reflect geeaertainty. This added parameter allows foratarn in the level
of confidence in the ORU POS and thereby accoumtthe epistemic uncertainty in the ORU failureerat

C. PACT Trade Space Regions

The regions that describe current sparing riskepiEd risk and sufficiency, are no longer linedre Probability
of sufficiency is no longer a straight line; itnew a curve. Furthermore, the space includes moaaaed regions:
1) The area of Sufficiency, 2) The area of PreVipégcepted Risk, 3) the Area of Previously AccepRisk that is
now ‘sufficient’, and 4) The area of previously dentified epistemic uncertaintyrigure 5compares PACT
Evaluation to the current approach (see Figura &)e Probability/Confidence trade-space.
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100%
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n% Risk “Now Sufficient”
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Sufficiency
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Figure 5. PACT Model of ISS Sparing Risk.Figure shows graphical interpretation of the PAQJasng approach and
trade space.

Using PACT Evaluation results in a range of PO%i@alwith corresponding confidence values. Figusadvs
the PACT Evaluation results using the generic ORBmgple presented in Section IV. The ORU POS vahres
plotted on the y-axis and corresponding confiddeeels are plotted on the x-axis. For example, It¢hat under
the Poisson process approach we estimate the ORJt®Be 81% through 9 years. In Figure 6 we seevihan
accounting for epistemic uncertainty using PACTleation we are approximately 70% confident in thstimate.
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Figure 6 Generic ORU Example Figure shows graphical application of the PACT enaion on a generic ORU.

D. Interpretation of Trade Space Regions

With this knowledge, we can assess the tradeoffgatbe curve between the desired ORU POS valueoand
confidence in that value. For a sparing assessthéttradeoff can be summarized with two optionseiaon
guantitative assessment:

1) We may accept the probability and our confidemeés,

2) We may relax our confidence for a higher des&@0S value, or we may consider a lower desirRIGS
value in favor of having higher confidence.

Alternately, we may influence the ORU POS and amifce estimates by assuming additional sparesughro
procurement or repair of failed units) or by champgthe projected horizon time for the analysis.

The last option has a unique implication. The auirrepares assessment approach has fixed thresholds
throughout vehicle life. Since we can now contrmhfidence levels through PACT Evaluation, we ara jposition
to acknowledge lower certainty with time with ourokvledge of the ORU ‘true’ failure rate and theredmcept
lower confidence levels at later stages of a pti@ac
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Figure 7 illustrates the point using the generid0&® example. This graph shifts the x-axis to tand displays
the resulting confidence in a fixed POS value, 94%6. evident that our confidence in the POS eatanis higher in
the near-term versus projected end of life scepafitiis dynamic becomes a key issue in discuss@masdopting
PACT Evaluation in future sparing assessmentsarn$$ program, topic of Section VI.

ORU POS by year, WITH 90% CONFIDENCE

100%

90%

80%

70%

60%

50% 90%

POS

40%

30%

20%

10%

0%

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

Figure 7. Generic ORU time-series exampleFigure shows ORU POS 2012-2028 if we were want antain 90%
confidence in that estimate.

E. Case Study Results

Six ORUs, representing a variety of ISS supporitgtithallenges/risk imparting sparing levels, weseéected for
a case study to validate the usefulness of PACHe six ORUs are shown in Appendix A. Analysis @& #ix ORUs
demonstrates a breadth of uncertainty; empiricalsbaf ORU failure rate demonstrated versus lac&pefrational
experience. The results for the ORU case studiedeaseen in Appendix A.

VI. Application of PACT Evaluation for Revising ISS Spaing Confidence Targets

The current approach to ISS sparing analysis piofec the epistemic uncertainty in the ORU failuage by
adopting high confidence targets. These targetgerdrom 85% to above 99%. The primary disadvantzgehis
approach, when incorporated with a Poisson proégsssulting sparing demand inflation over time. ilfustrate
this characterization we can project out in timegghe hypothetical ORU presented in Section I'd aentify the
necessary number of spares needed to reach a 9®ddPget. For a projection beginning in 2012, wtib one
baseline spare, at this target level, one additispare is needed through 2016. Two additionalespare needed
through 2021. This number increases to 3 additispates through 2028. Whereas, the expected nurhif@tures
through 2016, 2021, and 2028 is 0.44, 0.88, and fhitlres, respectively.
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When the ORU target POS remains constant, the-otds clear; we identify needing a number of sgathat
may exceed any reasonable expectation of the nuaffailures that will actually be observed. Thifeet becomes
more pronounced as the time horizon increases. ugplementing program decision-making for hardware
investment, this may reduce the usefulness of spassessment results. Program management musinrelypert
engineering judgment. This situation ultimately mainnor should it be entirely eliminated. Howevasjng an
approach similar to PACT Evaluation, we are abledary our confidence levels and thus improve thigyof the
sparing assessment results. It may be appropriadeuaeful to coordinate with Program Management tned
System teams to accept for instance near, midJamg-term targets for both ORU POS and the confiddevel.
Figure 8 illustrates the following example leve®0% POS and confidence in the near-term, 75% PGB an
confidence in the mid-term, and 60% POS and conéiden the long-term.

ORU POS by year, WITH 60%, 75%, 90% CONFIDENCE ESTIMATES
TS
903%
E \\\ 90%
— : 753
50% \v\ \\\ 605

Probability of Sufficiency
g
=)
i

ra
(=]
e

MEAR-TERM ! MIC-TERM E LONG-TERNM |
:laé‘ T T T ! T T T T T + T T T T T T T T 1
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

Figure 8. Generic ORU time-series with varying nearmid, and long-term probability and confidence tagets.Figure
shows what number of ‘events’ sparing quantitiesusth cover to meet the targets: 90/90 TARGET: l8énts / 1
additional spare, 75/75 TARGET: 1.02 events/ 1 taithl spare, 60/60 TARGET: 0.91 events / no &tk spares
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We expect the values for ORU POS and confidencamfiicus only on time. We should expect discussion
consider for instance ORU criticality, redundanthye ability to recover the system in event of ORlilufe, and
other contingencies. A dynamic approach to sefi@$ and confidence levels provides a consistenttnesr ORU
in terms of a sparing assessment. In the above @gain&M will provide a sparing projection in thesar-term of
needing a total of 2 spares, compared to a mid-fmojection of 2 spares, and a long-term projectbrd spare.
When introduced to PACT evaluation, L&M has alsmsidered an alternative approach to setting tarigetse
probability/confidence trade-space. It may be mappropriate to hold the ORU POS constant over ingtinstead
relax only our confidence in the estimate. The oaag) is that longer time horizons exhibit greag@istemic
uncertainty in the true ORU failure rate. Consitte sensitivity, Figure 9, case where we hold 909& Hixed
throughout the near, mid, and long—term projection.

ORU POS by year, WITH 60%, 75%, 90% COMNFIDENCE ESTIMATES

i \ X ; 90%
— | i
0% : \ ~ 755
50% ; ' 50%

Probability of Sufficiency
n
=)
a

20% ; . :
10% : |
NEAR-TERM | MID-TERM | LONG-TERM |

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

Figure 9. Generic ORU time-series with varying near mid, and long-term confidence targets and fixed
probability. Figure shows what number of ‘events’ sparing queegishould cover to meet the targets: 90/90 TARGET
1.36 events / 1 additional spare, 90/75 TARGET: 9 &wvents / 1 additional spare, 90/60 TARGET: 2eknts / 2
additional spares

We fully expect the exact targets for ORU POS amdfidence to change according to function, and iptsen
an ORU basis. We have noted the dramatic impa&ctounting for epistemic uncertainty when estabigh
probability and confidence levels given projectiontime. How does the PACT Evaluation represent sk
posture should our level of certainty in the ORUUf& rate increase? The following data illustratds aspect.

An alternative sensitivity case demonstrates thmesaparing assessment for the hypothetical ORUy onl
decreased epistemic uncertainty is representedvagring the EF from 4 to 1.5. In the near-termydhB7 events
are needed to be covered by a spare. The anahgitsaies the existing spare is sufficient. In thd-term, 1.67
events are projected, indicating demand for ondtiaddl| spare. In the long-term, the number of éséncreases to
2.69, requiring 2 additional spares. The decreasegrtainty does not necessarily result in a ctersigrend over
time. Using PACT Evaluation, we can adjust our sgarecommendation according to our level of uraaty in
the ORU failure rate.
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VII. Conclusion

When introducing PACT Evaluation, we define andcaet for the epistemic uncertainty characteriziSs |
sparing assessments to more accurately represetruthrisk of sparing for the 1SS. We acknowleddrat we can
realistically know about an ORU's true failure rafigen the various methods used to predict ORWbdlty. We
describe how the lack of complete knowledge diyextlates to our perceived risk in vehicle sustajmplans. We
have reviewed the current approach developed by lf&\onducting sparing assessments. The appra&els the
latest Bayesian update in ORU failure rate, andiepp POS value given a number of spares. Whelyiagpigh
confidence levels, this approach results in irdlatbf the number of spares to meet a target whetatiget does not
change over time. Furthermore, we cannot explici#liculate our epistemic uncertainty. Instead, méeduce that
by adopting a Lognormal process we are able tgiate the ORU Posterior EF from the Bayesian poteassess
a level of confidence in the ORU POS estimate. Twfines the trade-space inherent to the PACT &tialo
approach and thus we measure our epistemic unugrta/e can also control the POS and confidenceldefor
sparing assessments. We would like to add menticuoinvestigation into the meaning of a combinedt of
Probability and Confidence where a single measfithenarea under the curve (see ‘Area of Sufficjeégure 5,
Section IV) may indicate epistemological probabilitithin the tradespace. This line of work is orirgp

Our near-term work is to recommend new targeti¢ol§S community. This work includes the followikey
areas:

. For a given component or group of components oresparading a target probability of sufficient sgm
with the confidence in that target probability.

. Once that trade is complete defining the recommagr@®S and confidence for a component and/or
group of components.

. Setting unique POS and confidence targets as agidunef time horizon. For example if the time tort

on a supplier is long for a critical component ywould be less willing to relax the POS than foessl
critical component or spare that can be easily rfzatured or even substituted.

. Making recommendations on the number of sparednestjonce the target POS and confidence has been
set and representing and communicating the riskestakeholders.

Our research to date has not addressed assessidg @Bdeled in a functional hierarchy. In such cases
understand epistemic uncertainty propagates thautgthe modeled systems. We have tools to do solaoid
forward to further developing this evaluation methio achieve our goal: to model every ISS ORU anting for
epistemic uncertainty to provide the program thet lrepresentation of sparing demand and bettenigutte
vehicle through 2020 and beyond.

PACT is a useful methodology and has been proptisedpplement ISS sparing analysis. As with theesir
process, PACT Evaluation should be input to extensioordination with expert and program stakehalder
decision-making. Preliminary results indicate auahle trade space for selecting probability of isigfhcy and
confidence targets.
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Selected ORU
Remote Power
Control
Mechanism
(RPCM T5 Ext)

Improved
Payload
Ethernet Hub
Gateway
(IPEHG)
Pump Module
Assembly
(PMA)

Hydrogen
Dome

Solar Array
Rotary Joint
Drive Lock
Assembly Drive
Lock Assembly
(SARJ-DLA)
Thermal
Radiator Rotary
Joint Drive
Lock Assembly
Drive Lock
Assembly
(TRRJ-DLA)

Appendix A — Six ORU Case Study Results Charts

ORU Selection Criteria for Case Study

ORU Function

Rationale for Selection

The RPCM receives commands and transmits datanvia ¢ Large population of

internally redundant MIL-STD-1553B Data Bus. Type 5
will function as a remote high power switching ORU
module consisting of two 12 AMP switching and serte
3.5 AMP switches. Each switch will provide shdrtait
and overload shutdown.

IPEHG is an ORU replacement for the existing Paglo
Ethernet Hub/Gateway (PEHG).

The primary function of the Pump Module is to cleta
liquid ammonia around the thermal loops (ETCS) for
acquisition of heat loads.

It is contained in a dome, operates near vacuuthjsan
designed to contain fire or explosion in cell stathe
hydrogen dome also provides second barrier to lyatro
leakage.

The DLA continuously positions the panels as deddiy
the Rotary Joint Motor Controller (RIMC). The DLA
consists of the drive motor assembly (DMA), and the
engage/disengage mechanism (EDM).

The TRRJ DLA continuously positions the radiatongla
as directed by the Rotary Joint Motor Controlled ).
The DLA consists of the drive motor assembly (DMand
the engage/disengage mechanism (EDM).

installed units and spares
providing rich operational
experience including
failures and redesign

Small internal ORU, no
operational experience

Large external ORU,
critical hardware with
many hours of operation
and a random failure
Large internal ORU, no
redundancy, relatively little
operational experience

External ORUs with
redundancy, similar
function differing failure
rates, SARJ DLA modeled
in the Usable Power
function hierarchy
External ORUs with
redundancy, similar
function differing failure
rates, TRRJ DLA modeled
as a separate ORU
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RPCMType 5 - PACT Evaluation
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IPEHG: PACT Evaluation
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Pump Module: PACT Evaluation

100%
90%
«
4
2 80%
1)
\'2
v
g 70%
5
= 60%
v
o
=
z 50%
<
2
& 40%
S
v
—
° 30%
Z
2 o
[
a
10%
0%
1% 3% 5% 10% 25% 40% 50% 60% 70% 75% 80% 90% 95% 99%
Confidence in Probability of Sufficiency (Failures < Spares)
I Sufficency [ Epistemic Uncertainty/Accepted Risk == Error Factor 1 (Poisson) === Error Factor 2.61
Hydrogen Dome: PACT Evaluation
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SARJDLA: PACT Evaluation
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TRRIDLA: PACT Evaluation
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Appendix B - Acronyms

EF = error factor

ISS = International Space Station

L&M = Logistics and Maintenance

NASA = National Aeronautics and Space Administration
ORU = Orbital Replacement Unit

PACT = Probability and Confidence Trade-space

POS = probability of sufficiency
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