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EXECUTIVE SUMMARY

I ntroduction

System design engineers must trandate permitted overdl facility downtime into detailed design and
operating specifications for numerous systems and subsystems that make up a facility. The process of
assigning reliability and maintainability requirements to individual equipment systems to attain their desired
overdl availability is known as availability apportionment. Apportionment is normaly required early in a
program when little or no hardware information is available. Apportionment is a continuous process during
design and development, with subsequent re-allocations performed as further information regarding the
contribution of various subsystem eements to the top-level requirement becomes available.
Apportionment, when coupled with availability prediction, enables the sdection of viable dternative
configurations, identifies problem areas, and provides redirection of the program into more productive
areas as necessary. A method for apportioning overall facility availability requirements among systems
and subsystems is presented. The application of this methodology to the Soallation Neutron Source (SNS)
facility is given as an example of apportionment.

Typicaly, availahility criteria for individua equipment systems is established using a bottom-up approach.
This gpproach combines reliability and maintainability performance requirements for individua equipment
units to predict overal facility avalability. The cdculated vaue is then compared to the design
requirement, and through an iteration process, input information to the computation is adjusted, and the
calculations are repeated until they match the facility availability goal. This method requires a detailed
design.

A top-down approach is intuitively more satisfying. This method takes an overal facility requirement and
divides it among facility systems first, then among subsystems. The overal facility availability requirement
is distributed proportionately among the facility systems, based on each systems capability for meeting a
design objective. The approach imposes higher availability requirements on those systems in which an



Characteristics that influence maintenance are the additive elements of repair time: fault detection and
diagnosis time, preparation time to conduct the repair, fault correction time itself, and time to restart the
system once the fault is corrected.

The Paired Comparison M ethod

The Analytic Hierarchy Process method is used to produce sets of weighting factors for each aternative.
The paired comparison procedure is implemented in two phases. During the first phase, the relative
importances of “characteristics’ are established. Experts are asked, for example, to compare complexity
and design maturity with respect to their importance in apportioning reiability. The pairs (complexity and
design immaturity in this example) are compared, i.e. given a score, using ascale from 1t0 9. The second
phase compares pairs of systems for each characteristic. For example, for the SNS, experts would be
asked to compare the complexity of the ring and linac systems. All pairs are evauated for each
characteristic. For SNS six systems (subprojects) were compared for each of the three characteristics of
relidbility. The entire procedure is repeated twice, first for rdiability and then for maintainability.
Availability is allocated based on a joint consderation of rdiability and maintainability. The Expert
Choice™ software package was used to assist experts in working through the Analytic Hierarchy
Process method.

A principal technical expert was chosen to represent each subproject. A structured interview was
conducted for each expert individualy. Team aggregation and find adjustments of availability alocations
were performed at the conclusion of structured interviews, and results were reviewed.

Application to the Spallation Neutron Sour ce (SNS) Project

The SNS is a new accelerator-based neutron scattering facility which will provide specia scientific and
research capabilities to universities, industry, private laboratories, federa |aboratories and others involved
in the development and application of neutron-based research. The SNS is a collaborative effort among
five national laboratories for design, congtruction, ingtallation, and commissioning.  The SNS Project is
divided into subprojects according to the responshilities of each nationa laboratory. Clearly, with
responsibilities widely distributed around the country, it is essentia that the 90% overdl facility inherent
availability requirement be apportioned among subprojects in order to have a clearly defined availability
design criteria for each magjor system. Design and construction of the SNS at Oak Ridge, Tennessee are
expected to be completed in the year 2005 and cost approximately $1.3 billion.

Results

This report presents the recommended apportioned availability for each major system or subproject of the
SN Sfacility. There are many experiment instrument stations in the SNS, and experiments are conducted
whenever neutrons are produced (i.e. the experiment systems subproject is assigned a 100% availability
requirement.) The control, conventiona facility, and ion source systems were given high scores by
experts. Thus, they have extremely high availability requirements. On the other hand, target systems
were awarded low scores and have the lowest aggregate availability requirement.

Correation analyses demonstrated a high consistency in inter-expert weighted rankings of SNS sub-
programs. The range of correlations among expert pairs was from 0.685 to 0.985, with 73% of the
correlations above 0.800. The correlations of expert’s weighted ranks with the aggregate scores ranged



from 0.742 to 0.988. We concluded that the aggregate apportioned availability among subprojects
represents each individual expert’s responses very well.

The agreement of the gpportioned availability with availability data from existing accelerator facilities
varied widdy, reinforcing the conclusion that previous data from similar facilities cannot be blindly used to
apportion availability for a new, one-of-a-kind facility. The AGS availability scores agreed very well with
the aggregate scores for the SNS (.96); the agreement with 1SIS was moderate (.345); however, the
correlation with LANSCE H+ was actually negative (-.292)!

Availability scores for each expert were submitted to a principal components analysis in order to represent
expert judgment in a lower dimensional space. Expert’s scores are plotted with respect to the first two
principa components. Three natural clusters emerged. The largest cluster consisted of experts
representing the ring, target, and conventional facilities. The aggregate scores were also located in this
cluster. A smaller cluster contained experts for the Linac and source, and a one-member cluster
represented the source. These two smaller clusters differed from the main cluster in their estimates of
higher relative target availability. The singleton outlier cluster also differed from other experts by
alocating alower control systems availability.



ABSTRACT

Apportionment is the assignment of top-level requirements to lower tier elements of the overal facility. A
method for agpportioning overall facility availability requirements among systems and subsystems is
presented. Characteristics that influence equipment reliability and maintainability are discussed. Experts,
using engineering judgement, scored each characteristic for each system whose availability design goal is
to be established. The Anaytic Hierarchy Process (AHP) method is used to produce a set of weighted
rankings for each characteristic for each alternative system. A mathematical model is derived which
incorporates these weighting factors. The method imposes higher availability requirements on those
systems in which an incrementa increase in availability is easer to achieve, and lower availability
requirements where greater availability is more difficult and costlly. An example is given of agpplying this
top-down apportionment methodology to the Spallation Neutron Source (SNS) facility.

vi



1. INTRODUCTION

Facilities achieve their gods by operating at less than 100% availability. Systems design engineers must
trandate permitted overdl facility downtime into detailed design and operating specifications for the
numerous systems and subsystems that make up a facility. The process of assigning reliability and
maintainability requirements to individual equipment systems to obtain their desired overdl availability is
known as availability apportionment (or budgeting). An overdl facility availability god or requirement is
allocated among facility systems and subsystems.

Typicdly, availability criteria for individual equipment systems are established using a bottom-up
approach.’ This approach combines reliability and maintainability performance requirements for individual
equipment units to predict an overal facility availability. The calculated value is then compared to the
design requirement, and through an iteration process, input information to the computation is adjusted, and
the calculations are repeated until they match the facility availability god. The input data used in thefinal
iteration become the system and subsystem availability design criteria. A typica application of the bottom-
up approach is electronic system design. The bottom-up approach requires a well-defined, detailed design
and equipment performance data. The lack of this information prevents the application of the bottom-up
approach to novel technologies or in conceptual, early facility design phases.

A top-down approach is intuitively more satisfying. This method takes an overall facility requirement and
divides it among facility systems first, then among subsystems. However, more is involved than a smple
mathematical equdity. For example, the availability of an individual system varies with the complexity of
the unit, its design maturity, its operating environment, and the accessibility to the failed unit for repair.
These are just a few of the more important factors. An overall facility availability requirement should be
distributed proportionately among the facility systems, based on each systems capability for meeting a
design objective. An optimization such as this results in lower facility costs. This paper expands one of its
author's (Haire) earlier works to include recent knowledge. These findings will be applied to the
Spallation Neutron Source (SNS) as an example.

1.1 BACKGROUND

Top-down methods of alocating availability have been used for some time. In 1957, the AGREE
alocation method® was developed for reliability apportionment. The method was based on unit or
subsystem complexity rather than failure rates. In 1965 the Karmiol method® utilized the following factors
of influence to apportion overdl rdiability: complexity, state-of -the-art, operationd profile, and criticaity of
the system to mission objectives. More recently, $nedley* employed a similar hierarchical technique
cdled Feadhility-of-Objective to alocate rdiability among LEB ring magnet power systems in the
superconducting super collider. The Karmiol method provides for equa weighting of al factors. Equa
factor weighting breaks down when some factors are more important than others in apportionment.

The Bracha method® (introduced in 1964) alocated reliability using four factors: state-of-the-art,
subsystem complexity as estimated by number of parts, environmental conditions, and relative operating
time. In 1985, Haire, Maltese, and Sohmer® combined factors of influence for reliability and maintainability
to alocated facility availability. In 1998, Virtanen’ used the Analytical Hierarchy Process (AHP) to
determine the complexity factor in allocating dependability requirements.



Virtanen's research’ is an important advancement and is relevant to the top-down approach. However,
this work has some weaknesses. Virtanen describes allocation of reliability, availability, and maintainability
individudly. Availability should be alocated based on joint consideration of reliability and maintainability.
The psychology of expert elicitation suggests that questions be asked in the smplest, most unambiguous
terms. Virtanen used undefined functions in allocating availability; the IEC Standard 706-6 was used in
alocating maintainability. Virtanen's greatest contribution was the use of the AHP to estimate the
complexity influence factor in alocating reliability

AHP was first described in 1980 by Thomas Saaty ° and has since been used in numerous applications as
a decison-making framework that organizes the dimensions of a complex system into a hierarchic
structure. It provides a systematic procedure to decompose a problem into smaller congtituent parts. The
basic expert dicitation process relies on a series of exhaustive pairwise comparison judgments. Pairwise
judgments depend on relative comparison, in contrast to absolute comparison. In absolute comparison,
alternatives are matched with an abstract internal standard that has been developed through experience.
However, relative comparison occurs with actual pairs of aternatives according to a common attribute(s).
Relative comparisons are cognitively easier and more basic than absol ute comparisons.

1.2 SCOPE

This work updates Haire's 1985 work by using AHP to compute influence weighting factors for reliability
and maintainability that are then used to caculate a facility’s systems availability from an overdl
availability requirement. The AHP is a mature technology that has been broadly applied in many different
fields, including (to name a few): software reliability apportionment™®, conflict resolution®?, financial
cutback decision-making™, performance evaluation'®, layout design™*, medical decision-making'™, traffic
planning™, energy policy planning’, facility site selection'®, ship design®®, neural impulse firing modeling™,
and risk analysis® The method has aso been used in the field of reliability engineering, as seen in
Virtanen's work. It provides a very generic, forma and traceable method for expert elicitation and
aggregation in the context of multiattribute decison-making. Severa software products are available to
support AHP calculations, including Expert Choice™, and amodule in SAS to calculate AHPs.

2. BENEFITS OF APPORTIONING AVAILABILITY

Availability apportionment has the following benefits":

1. Designing to an availability requirement, rather than the well-meaning, “we will d the best that we
can” approach, quantifies system availability requirements and forces subprojects (subcontractors) to
consider availability equally with other systems parameters.

2. Through subproject comparisons between system availability requirements and predictions, weak links
or critical components that prevent achieving an availability requirement can be identified. Efforts to
resolve these weak links should improve the state-of -the-art of all facets of facility design.

3. Avallability enhances design integration by focusing attention on the relationship between fecility,
system, subsystemn, and component reliability and maintainability.



4. Requirements determined through an apportionment procedure will be more redistic, consistent, and
economically attainable than those obtained through subjective methods or those resulting from
retrofits from field experiences.

5. Apportionment should result in optimum facility availability since the alocating method considers those
factors that influence availability such as complexity, design maturity, operating environment, repair
times, etc.

3. USE OF AVAILABILITY APPORTIONMENT

Apportionment is required whenever a facility owner must decide how available various systems and
subsystems must be in order to design aproduct that will meet a specified availability requirement *.
Apportionment is normaly required early in the program when little or no hardware information is
available. Apportionment is a continuous process during design and development, with subsequent re-
alocation interactions performed as further information regarding the contribution of various subsystem
elements to the top-level requirement becomes available. Apportionment, when coupled with availability
prediction, enables the sdection of viable aternative configurations, identifies problem areas, and provides
redirection of the program into more productive areas as necessary. Frequently, apportionment and trade-
off studies go together so that the overall goal is apportioned in a manner that will optimize some other
important parameter such as cost.

Project apportionment and re-apportionment should be considered:
Initidly, in the early conceptual design stage.
At the conclusion of mgjor design phases.
At theinitiation of any maor design revison.
At the conclusion of mgjor testing phases.

At the conclusion of qualification or acceptance testing for the majority of functiona systems and
components.

4. AVAILABILITY APPORTIONMENT MODEL DERIVATION

Consider a system consisting of n subsystems, al of which are required to perform the overdl system’s
function. The availability of the system is
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where
A, = system inherent, or intrinsic, availability god;
gs = System Mean Time Between Failure (MTBF); and
R, = system Mean Time to Repair (MTTR).

The basic formula relating the availability of n subsystems (i.e., the failure of any one will shut the system
down) is

A=0x @

Expressing Equation 2 in terms of subsystems MTBF, q; , and MTTR, R;, and rearranging gives
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Apportioning the system availability requirement to the subsystem level requires a weighting factor that
reflects the relative functional importance of a subsystem to system performance as well as accounting for
factors that affect the availability of the subsystem. This weighting factor must exhibit two main
properties, namely:

Its magnitude should increase as the availability of the subsystem increases.
Its formulation must satisfy the bounds of A jand each A .

Let z; bethe failure rate weighting factor for the i' subsystem where Sz = 1. The MTBF alocated to
each subsystem is defined by:

4
q=—i©9:% (@)

z
Thefailureratel ; isthe reciproca of the MTBF such that
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Let y, bethe MTTR weighting factor for the i subsystem where Sy; = 1. The MTTR alocated to each
subsystem is weighted by the frequency of failure and is defined by
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Subdtituting Eq. 5 into Eq. 6, and dividing the modified Equation 6 by Equation 4 yidds
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Equation 7 establishes the R/q; ratio for the alocated equipment availability in terms of system availability
and the MTBF and MTTR weighting factors z and y, , respectively.

This find Equation does not consider such parameters as duty cycle and functional importance. The
failure of any subsystem is assumed to shut the system down. In this smple trestment, there is no
hierarchical functional importance such as safety systems versus process systems. A more detailed
derivation that considers these parametersis given in Haire's 1985 work.

Since

1 1
A1+ (R/q)’ ®

Equation 7 explicitly relates the alocated availability of the i system, A, to the overall system availability
goal, A,. Qudlitative characteristics that influence reliability and maintainability weighting factors, are
present inthe MTTR, R;, and MTBF, q; ratio in Equation 7.

5. EXPERT SELECTION, BIAS, ELICITATION AND AGGREGATION

The weighting factors in Equation 7 are determined from the quantitative analysis of expert judgments.
Methods for expert judgment have been studied extensively.?? Some that are pertinent to availability
apportionment are expert selection, bias, dicitation, caibration and aggregation.

Identification of experts and sample Size is an important issue in availability apportionment for which there
exigts little guidance®  For a large complex facility composed of several major subprograms (e.g., the
SNS) the sample should fairly represent each mgjor subproject and technology area. Subject matter
experts are drawn from the design team because they have the most in-depth knowledge and are major
stakeholders in the facility design. The area of knowledge and subproject with which the expert is
associated influences expert bias. Thus, the effect of expertise is complex because it should increase both
accuracy in terms of the internal judgment and response bias. One method of evenly distributing biasisto
ensure that each subprogram is equally represented in a stratified sample.



At the individua level, the AHP method is a detailed unambiguous procedure for expert elicitation based
on paired comparison judgments. Van Steen # outlines the group dynamics d expert dicitation for
severd dternative strategies. Teams can be structured to meet separately or jointly. They can be
charged to obtain a consensus judgment or retain individual judgments that are subsequently aggregated.
Hybrid strategies may also be efficient in certain instances where experts are geographically distributed,
and have numerous demands upon their time. Initidly individuas composing the expert sample can be
interviewed separately. Subsequently the analyst can identify differences of judgment. During the second
phase, the expert sample meets jointly, and issues and conflicts are discussed. Some issues will be
resolved because of misunderstanding or deficiencies of knowledge in certain areas, and other issues may
remain after discussion due to fundamental differencesin opinion or perspective. A final interview can be
conducted for each expert after the joint discussion in order to alow the expert to incorporate their
enhanced understanding into their judgments, or the group may grive to achieve a consensus judgment.
The latter is desirable because the experts will “own” the result, and will likely support the findings. If
experts become mired in details of the elicitation procedure, they may be inclined to distance themselves
from the outcome.

A wide range of aggregation techniques has been used in quantitative analysis of expert judgment. The
AHP process as implemented in Expert Choice™ uses an averaging technique. The weighted averaging
aggregation technique calculates the weighted rank of each aggregated aternative W; as:

VVj = é a Wi 9)
i=1

where wiy, ..., Wi are the weighted rankings generated by the ith expert, and a; isthe weighted ranking
of the ith expert. The a; ‘s sum to unity. Typicaly experts are equally weighted; however in light of
detailed or objective and quantitative information about the expert’s knowledge and bias, unequa weights
are sometimes assigned to expert samples. For example, Zio % outlines aformal process utilizing AHP to
assign weighted rankings to experts based on personal knowledge, sources of information, unbiasedness,
relative independence, personal interest, past experience, and a performance measure.

6. DETERMINING WEIGHTING FACTORS

Weighting factors are determined by surveying experts for their opinions regarding the design and
operation of facility equipment. Experts are questioned about characteristics that affect MTBF and
MTTR. The following paragraphs provide typical characteristics that influence these key parameters.

6.1 MTBF (FAILURE RATE) WEIGHTING FACTORS
Failure rate was selected as the operationa definition of reliability because it is a more intuitive concept

than MTBF. A greater failure rate smply means more failure. Each factor is scored on abi-directiona
nine-



System Complexity. The complexity of a system will have an effect on the achievable reliability. As
the number of subsystems and components increase, the more difficult and costly it becomes to
achieve high sysem MTBF (and a low failure rate). Imposing an unredistically high MTBF on the
more complex systems increases cost disproportionately when compared with the alternative of
increasing MTBF requirements for simpler systems. Subsystem complexity may be evaluated by
congdering the probable number of parts or components making up the system.

Design Immaturity. The amount of research and development required to produce the systems will
greatly influence the cost and schedule of development. Imposition of a high MTBF requirement on a
system under development will increase the development time, the number of tests required to obtain
the MTBF, and the costs. Equipment considered present state-of-the-art is penalized less by high
MTBF requirements. The state of the present engineering progress in al fields is considered.

Operation Time. The fraction of system operating time and the length of time that the system is
required to perform influences the achievable MTBF value. More development effort and cost will be
required to produce a system capable of operating full-time for long periods without failure than to
develop one for shorter periods of use or for infrequent, intermittent operation.

Stressful Environmental Conditions. The intended operationd environment will influence the
achievable MTBF value. A system operating at extremes of temperature, pressure, mechanical,

corrosion and erosion stresses will tend to cost more to develop than a smilar system used under less
severe conditions. Systems expected to experience harsh and extreme conditions during performance
will have a higher failure rate.

The above characteristics are not unique or al-inclusive. Parameters influencing failures should be
tailored to the gpplication.

6.2 MTTRWEIGHTING FACTORS

A high weighted ranking is given to the system if the time element described below is long, and a low
scoreisgiven if it isshort. The factors considered are:

Fault Detection. This dement of time includes verification that a mafunction exists and
determination of its character by such means as displays, instruments, facility operating data,
inspection, specid tests, etc.

Fault Diagnosis. Congderations used in evaluating this time element include the visibility and nature
of the fault in the system where it may occur. This may range from visua checks to interpretations of
the symptoms via considerable knowledge and experience, special test procedures, review of
extensive data and records by specialized engineers, etc.

Preparation Time. This factor addresses the time between the diagnosis of the failure and the start
of the maintenance action. It includes obtaining permission to conduct the repair, obtaining the spare
part, formation of the maintenance team, depressurization, cool-down or warm-up, switching power,
preparation of rigging, establishment of a safe maintenance environment, etc.



Fault Correction. This activity is made up of disassembly, ingtalation, adjustment, assembly and
calibration times. The time required depends on the nature of the system, plug-in parts, modular parts
requiring standard tools, removal of assemblies, specia tools and techniques, difficult aignment,
weldments, heat treatment, cleanup, €etc.

Checkout Time. Congderations involving checkout of a system after repair include need for specia
equipment, involvement of other systems, automated checkout operations, personnel evacuation prior
to checkout, etc.

Asfor MTBF characterigtics, factors influencing MTTR are not unique or al-inclusive. Factors should be
developed and tailored to specific applications.

7. PAIRED COMPARISON METHOD

The AHP method is used to produce a set of weighted ranks, w, for each dternative, subject to the
congtraint that Sw; = 1. Simple hierarchies were developed for reliability under the goa of gpportioning
failure rate among systems and maintainability under the goa of apportioning MTTR among systems. The
criteria (i.e, weighting factors such as complexity, immaturity, and stress environment for reliability)
comprise the first level under the goal statement, and every subproject aternative (e.g., source, linac, ring,
target) is listed under each criterion. The weighted ranking w; for each dternative is computed using a
smple additive modd:

m

w, = acv, (10)

i vij
i=1

where ¢, ¢, ... Gy are the weighted ranks of the criteria, i, themselves (Sc; = 1), and v;; are the weighted
rankings of the dternatives, j, under each criterion. The paired comparison procedure is implemented in
two phases. During the first phase, criteria are ranked with respect to importance toward the overall goal
(religbility or maintainability). The entire procedure is repesated twice, first for reliability and then for
maintainability. All n(n-1) pairs are compared using a scale from 1 to 9, where 1 ndicates equa
importance and 9 is the most extreme level of importance of the top over the bottom aternative. By
inverting the top aternative, another 9 levels of importance are available to compare the degree of
importance of the new aternative. The experts would be asked, for example, to compare complexity and
design maturity with respect to their importance in apportioning reliability. The weighted rankings of the
criteria ¢ are determined using the matrix procedure.®

After completing the weighted ranking of criteria, each subproject alternative pair is evaluated with
respect to the first criterion. When al pairs have been compared, the next criterion is selected and each
pair is compared again. The paired comparison process is repeated for every criterion. Expert Choice™™
was installed on a laptop computer to assist the expert in working through the AHP method. The program
provides severa comparison formats, we discovered that the questionnaire format was most intuitive for
our expert sample (see Section 8.5).

We discovered that working purely with paired comparison judgments was difficult for our expert sample.
When providing responses to the first few comparisons, experts attempted to reference an approximate



internal ranking of alternatives to help instantiate or anchor the comparison process. Accordingly, we
encouraged experts to generate a rough ranking of alternatives before proceeding with the paired
comparisons. After completing severd judgments, the mental ranking might undergo some refinement.
Some experts also preferred to initially locate the most extreme dternatives, and anchor the paired
comparison process by completing those first.

It is important to maintain mathematical consistency in wording questions posed to experts when
administering the paired comparison procedure. For example, the rdliability god is to “dlocate fallure rate
among systems.” If the goa is smply to allocate reiability, the subject matter expert may interpret
reliability as either MTBF or fallure rate — however, the two terms are inversely related. Another critical
consideration is to ensure that dl criteria statements are correctly aligned with each other and the goa
statement. Thus, complexity is a more appropriate criterion than its antonym simplicity because greater
complexity increases failure rate. Likewise, immaturity aligns with failure rate instead of maturity.

The matrix of pairwise comparisons is the source for the principal eigenvector that is equivaent to the
vector of weighted rankings. After normdization, the maximum egenvaue, by IS a measure of
consistency, or the degree to which the trangitivity relation is satisfied in the matrix of paired comparisons.
Trangtivity among three elements is preserved when al distances among the el ements can be represented
on asingle underlying dimension. The elements A,B and C are trangitive if and only if A>B and B > C
impliesthat A > C. A normdized congstency ratio 0 < CR < 1 isgiven by:

CR=[(b,.., - N)/(n- DJ/RI (11)

where n is the order of the matrix and random index (RI) is the statistical mean of randomly generated
matrices of the same order.

After completing a matrix of paired comparisons, the expert is alowed to view the weighted ranking and a
consistency index. |f the observed ranking seems counterintuitive, or the consistency index is too high (>
0.1), the expert is allowed to return to the previous page to revise their judgments. The judgments from an
N X N matrix are consistent if and only if:

aigk=ak  (j,k=1..n)

In other words, the judgments must satisfy strong trangtivity conditions on a ratio scale.  Roughly
speaking, the consistency index indicates the degree to which the judgments should be adjusted to restore
trangtivity.

8. APPLICATION TO THE SPALLATION NEUTRON SOURCE (SNS)
PROJECT

The SNS is a new accelerator-based neutron scattering facility which will provide specid scientific and
research capabilities to the Nation's universities, industry, private laboratories, federal laboratories and
others involved in the development and application of neutron-based research. Neutrons are unique and
increasingly essential as atool in broad areas of physical, chemical, and biologica sciences, as well asin



new materials development. The design and construction of the SNS at Oak Ridge, Tennessee are
expected to be completed in the year 2005 and cost approximately $1.3 billion.

The SNS is a collaborative effort among five national laboratories, who will design, construct, ingtal, and
commission the facility. The SNS Project is divided into subprojects according to the responsibilities of
each national laboratory. Oak Ridge National Laboratory (ORNL) in Oak Ridge, Tennessee is the lead
laboratory and the site where the facility will be located. ORNL will provide overal coordination and
direction for the Project, and will provide the target system. Argonne Nationa Laboratory in Illinois is
responsible for experiment instrumentation. The front-end source system is the responsibility of Lawrence
Berkeley Nationa Laboratory in Cdifornia Los Alamos Nationa Laboratory in New Mexico will provide
the linear accelerator system. The ring and transfer lines system is the responsibility of Brookhaven
National Laboratory in New York. Clearly, with responsbilities widely distributed around the country, it is
essentia that the 90% overdl facility inherent availability requirement be gpportioned among subprojects in
order to have a clearly defined availability design criteria for each maor system. The following sections
represent the steps that should be conducted using availability apportionment for the SNS Project.

81 ESTABLISH A GOAL OR “NEED” STATEMENT

In general, there must be consensus among those affected that the apportioned overdl availability among
systems is needed and that the resulting budgeted system availabilities will be used to guide design. In this
example, the carefully worded “need” statement pertaining to the SNS for availability apportionment is, “A
Project office approved, senior team leaders agreed on, set of level two work breakdown structure
availability alocetions’.

82 FORM A TEAM OF EXPERTS

The experts chosen for the SNS Project availability apportionment example were the senior team leaders
and project manager. Senior team leaders are those managers who lead the design, research and
development, procurement, construction, and demonstration testing at each five national laboratories. A
senior team leader may designate someone to act for them, and may have consultants advise them, but
there is only one vote per subproject. Thus, each technical area is represented and biases should be
evenly digtributed. It is these managers that must meet availability requirements. A team of six experts
was selected to have a vote in the final aggregate ranking for the six subprojects.

8.3 DECIDE UPON A METHODOLOGY

In this example, the reliability, availability, maintainability, and inspectability (RAMI) task leader organizes,
coordinates, and facilitates the availability apportionment exercise. The leader provides knowledge of the
gpportionment methodology and guidance in conducting the process. This work advocates applying the
derivation of Equations shown in Section 4 of this paper, culminating in the gpplication of Equations 7 and
8. Note that the subproject availability, A, is Smply a function of overadl availability, As, and weighting
factors, vt and z. The AHP method, which uses a “paired comparison” method as described in Section 7
of this paper, is suggested for use in scoring weighting factors. In this example, Expert Choice™ was
used to input expert opinion scores, compute eigenvectors and perform matrix algebra, and to caculate
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weighted ranking values. A smple spreadsheet calculation was used to input the final weighted rankings
for the subprojects based on reliability (failure rate) and maintainability goals, and caculate availabilities
from Equations 7 and 8.

84 AGREEMENT ONWEIGHTING FACTOR CRITERIA

Commonly used factors that influence réiability and availability are given in Section 6 of this paper.
However, these are not unique and weighting factors should be tailored to each particular application. For
example, in this SNS application, operating time (Section 6.1) is not used, and fault detection and diagnosis
time are combined. At the subproject level, factors chosen that influence MTTR for the SNS were
complexity, immaturity, and environmental stress; factors chosen for MTTR were detection and diagnosis
time, preparation time, correction time, and restart time.

85 EXPERTSPROVIDE SCORESFOR WEIGHTING FACTORS

Judgments were elicited independently from each expert in this example. Exhibit 1 shows an example of
one expert’s scoring of some factors that influence failure rate using the questionnaire mode in Expert
Choice™. The interpretation of Exhibit 1 is that the complexity factor is moderately to strongly more
important than immeaturity of design in the reliability of the SNS; thus, a score of +4 is given on the first
line. BEquipment system complexity is equally to moderately more important than the equipment operating
in a gressful environment; thus, a score of +2 is given on line 2. Immaturity of design is equaly or
moderately less important than a stressful environment; thus, a score of -2 is given on line 3. Computing
the eigenvector that results from these scores gives a weighted ranking for complexity equal to 0.571,
stressful environment equal to 0.281, and immaturity equal to 0.143. These are the relative importance of
the criteria that influence reliability and that will be applied to each subproject. A similar procedure was
followed to calculate weighted rankings that influence maintainability.

Exhibit 1. Compare mean-time-between-failure criteria.
ORNL DWG 99C-159

1 | COMPLXTY 98765@32123456789 IMMATURE

2 | compxTy |9|8|7|6|5|4|3|2)1]|2|3|4|5|6|7|8|9| STRESSE

3 | IMMATURE 987654321@3456789 STRESS-E

1=Equal 3=Moderate 5=Strong 7=Very Strong 9=Extreme

8.6 EXPERTSSCORE PARAMETERS

For this example, Exhibit 2 shows a matrix of scores relating the importance of complexity in paired
comparison judgments for every subproject. Exhibit 2 was so complex given the number of aternatives
that it was confusing to experts in scoring. Experts appeared to be drawing paired comparisons scores
from a crude underlying mental model of a simple ranking of aternatives. Thus, an aid was developed to
assist experts in scoring their opinion.

11



Exhibit 2. Compare subprojects with respect to complexity.
ORNL DWG 99C-160

1 | SOURCE 918|7]|6]5]4]3|2|1]2 @ 4(5]16|7(8]9 LINAC
2 | SOURCE 9181765413212 @ 4(5]|6 89 RING
3 | SOURCE 9181765413 |2 @ 213(4|5|6(7]8]9 TARGET
4 | SOURCE 918|7|6]5]4]|3|2|1|2|3|4](5 @ 71819 CONTROLS
5 | SOURCE 91817]|6])5]4)3|2 @ 213(4|5|6(7]8]9 CONV FAC
6 | LINAC 9181765413 |2 @ 213(4|5|6(7]8]9 RING
7 | LINAC 918|7|6]|5]4 @ 2|11|12|3|4|5|6|78]9 TARGET
8 | LINAC 918|7]|6]5]4]3|2|1]2 @ 4156|7189 CONTROLS
9 | LINAC 9187|654 @ 21123456789 CONV FAC
10| RING 9187|6514 @ 2123456789 TARGET
11| RING 918|7]|6]5]4]3|2|1]2 @ 4156|7189 CONTROLS
12 | RING 918|7|6]|5]4 @ 2|11|12|3|4|5|]6|78]9 CONV FAC
13| TARGET 918|7]|6]5]4]|3|2|1[2|3[4](5 @ 71819 CONTROLS
14 | TARGET 91817]|6)5]4)13|2 @ 213|4]|5]|6 89 CONV FAC
15| CONTROLS 91817 @ 5]1413[|2|1|2|3[4|5](|6 8|9 CONV FAC

1=Equal 3=Moderate 5=Strong 7=Very Strong 9=Extreme

Each expert was initially asked to draw a chart (such as that shown below in Exhibit 3) representing his
opinion of the relative rankings of each subproject relative to the complexity parameter.

Exhibit 3. Rank order decision aid used during expert elicitation.

COMPLEXITY
Score
+9 +1
Contrals Ring, Source,
Linac Conventiond fadilities,
Target
(x3) (x3)




In this example, the expert ranked the controls system the most complex; the ring and linac systems equa
in complexity; and the source, convertiona facilities, and target systems equal and least complex. The
experts provided not only this relative ranking, but aso an initid estimate of separation between
subprojects. Thus the chart provided a first cut which was later refined in greater detail. The chart
device greetly dleviated confusion and frustration experts faced in completing the overwhelming number
of paired comparisons in the Expert Choice™ graphical interface.

The above procedure was repeated for design immaturity and stressful environment for reliability, and for
detection/diagnosis time, preparation time, correction time, and start-up time for maintainability. The end
result is a priority ranking for reliability and maintainability for each expert. Exhibit 4 shows the reliability
priority rankings for each subproject for the example SNS expert. There is a smilar representation of
maintainability priority rankings. These priority rankings, subgtituted into Equations 7 and 8 give the
following overdl facility 90% availability apportioned among subprojects.

Exhibit 4. Single-expert priority rankings computed by Expert Choice™.
ORNL DWG 99C-161

CONTROLS 0.279 —
TARGET 0.219 —

RING 0.186

LINAC 0.153

SOURCE 0.101

CONV FAC 0.061 _ | | | |
0

0.10 0.20 0.30

W

8.7 EXPERT AGGREGATION FOR THE SNS

For this example, a structured interview was conducted individualy for each expert. The aggregation
technique used in the SNS Project was to weight each expert judgement equally. Thus, biases should be
evenly distributed. Table 1 shows the final aggregate priority rankings for each subproject for the example
application to the SNS facility. The control systems, conventiona facilities and source were alocated
extremely high availability scores, wheress, the target systems were awarded the lowest aggregate
availability requirement.



Table 1. SNS availability allocations.

W.B.S. Subsystem Availability (%) Downtime (per 6 wks.)
13 Front End (source) 99.5 05.0 hours
14 LINAC 97.5 25.6

15 Ring & Transfer Line 96.9 32.0

1.6 Target 96.3 384

1.7 Experiment Systems 100.0 00.0

18 Conventiond Fecilities 99.7 03.0

19 Control Systems 99.7 03.0

Overdl 90%

The covariance structure was examined to evaluate the degree of agreement among experts with respect
to the availability priority rankings. The correlation matrix in Table 2 demonstrates a consistent, high
reliability in priority rankings of sub-programs. The range of correlations among expert pairs was from
0.685 to 0.985, with 73% of the correlations above 0.800. The correlations of expert’s priority rankings
with the aggregate scores ranged from 0.742 to 0.988. Apparently, the aggregate scores represented
each individua expert’s responses very well.

Table 2. Correlation matrix of subsystem rankings for experts and facilities
TG JT RW BD RY DS Agg ISIS AGS LANCE

TG 1.0 938 943 .770 .733 .778 .968 .197 .940 -.426
JT 938 10 933 .813 .685 .866 .988 .399 .885 -.158
RW 943 933 10 .853 .823 .848 974 2/5 972 -344
BD /70 813 853 10 .872 .98 .841 .69 .971 -.297
RY 733 685 .823 .872 10 .806 .742 .404 .759 -.230
DS /78 866 .848 .98 806 10 .869 .740 .959 -.197
Agg 968 988 974 841 .742 869 10 345 .960 -.292
ISIS 97 399 2/5 695 404 740 345 10 873 .285
AGS 940 885 972 971 759 959 960 .87/73 10 -.443
LANCE -426 -.158 -.344 -297 -230 -.197 -292 .285 -.443 1.0

The agreement of the aggregate scores with availability data from other accelerator facilities was widely
variable, reinforcing the conclusion that previous data from similar facilities cannot blindly be wsed to
apportion availability for a one-of-a-kind facility. The AGS availability scores agreed extremely well with
the aggregate scores for the SNS (.96); the agreement with ISIS was moderate (.345); and, the
correlation with LANSCE H+ was actually negative (-.292).

The availability scores for each expert were submitted to a principa components analysis in order to
represent expert judgment in a lower dimensiona space. The expert’s scores are plotted with respect to
the first two principa components n Figure 1. Three natural clusters emerged. The largest cluster
consisted of the experts representing the ring, target, and conventional facilities. The aggregate scores
were also located in this cluster. A smaller cluster contained the experts for the Linac and source, and a
one-member cluster represented the source. These two smaller clusters differed from the main cluster
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mainly in their estimates of higher relative target availability. The singleton outlier cluster aso differed
from other experts by alocating alower control systems availability.

0.6
[ |
0.5 Ron Yourd
(source) Bill DeVan
0.4 (controls)
0.3 Dan Stout ®
AU linac
iy . (linac)
Q 0.2
(o)
=
N 0.1
N
w o high target
N availability
<
-0.1+
° Randle Wood
(conv. fac.) ®
-0.2
Aggregate
-0.3 ggreg
Joe Tuozzolo
low controls [ (ring)
0.4~ availability Tony Gabriel ®
14 (target)
-0.5 . I : : : | . | . | .
0.34 0.35 0.36 0.37 0.38 0.39 0.4

Factor 1 (87.98% )

Figure 1. Principal component scor es show agreement between
expert judgments and aggr egate allocations.

9. CONCLUSIONS

Systems design engineers must trandate overal facility requirements into detailed design and operating
specifications for the numerous systems and subsystems that make-up a facility. This work presents a
top-down method that distributes overall facility availability requirements among facility systems based on
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each system’s capability for meeting a design objective. Availability apportionment should be considered
initially during early conceptual design and at the conclusion of each design phase or redesign.

A mathematical model is derived that relates the apportioned availability of the i system, A;, to the overall
fecility availability goa, A, and failure rate and repair rate weighted rankings, z and Vi respectively.
Weighted rankings are determined from quantitative analysis of expert judgments. The choice of methods
for expert sdlection, bias, dicitation and aggregation are important. In the example application of the
method to the SNS Project, the experts were subproject senior team leader (or designated person) and
senior project management. Thus, each technical area was equally represented and biases should be
evenly distributed. Judgements were elicited from each expert individually and each expert opinion was
weighted equally. Team aggregation and final adjustments of availability allocations were performed at
the conclusion of the structured interviews, and results were reviewed.

Suggested failure rate criteria are system complexity, design immaturity, operating time, and stressful

environment. Repair rate criteria are fault detection time, fault diagnosis time, preparation time, fault
correction time, and checkout time. The sdlection of criteria should be tailored to each application. A
paired comparison method is recommended for eliciting priority rankings. The Anaytic Hierarchy Process
(AHP) is used to produce a set of priority rankings for each aternative. The criteria were ranked initialy
for the SNS example. Experts were asked, for example, to compare complexity and design maturity with
respect to their importance in apportioning reliability. The priority rankings of criteria are determined using
an eigenvalue method. After completing the ranking of criteria, each aternative subproject (e.g., source,
linac, ring, target in the example SNS application) pair is evaluated with respect to each criterion. This
process is repeated for maintainability criteria and dternatives. After completing a matrix of paired
comparisons, the expert is alowed to view the resultant priority ranking and consistency index. If the
ranking seems counterintuitive, or the consistency index too high, the expert is alowed to revise their
judgements. The Expert Choice™ commercia software was used on a laptop computer to assist the
expert in working thorough the AHP method. Once the results were synthesized, the weighting factors
were input to the derived mathematical model and apportioned systems availability calculated.

Apportionment of overal availability among systems and subsystems is beneficial because it quantifies
design requirements rather than using the “we will do the best that we can” approach regarding design for
reliability and maintainability. Comparisons of system availability design requirements and predicted
availability during the design process revea wesk links or critical components that prevent achieving the
availability requirement. Resolving these weak links improves the state-of-the-art of the design. The
gpportionment process enhances design integration by focusing attention on the relationship between
facility, system, subsystem, and component availability.  Requirements determined through an
gpportionment process will be more redlistic and attainable than those resulting from retrofitsin the field.

This top-down apportionment method results in optimum facility availability since the method imposes
higher availability requirements on those systems in which an incremental increase in availability is easier
to achieve, and lower availability requirements where an increase is more costly. Availability is alocated
based on ajoint consideration of rdliability and maintainability.
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