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I. Introduction

sone of its m any responses to the 2003 Space Shuttle Columbia accident’, NASA decided to develop a

formal standard for models and simulations (M&S)". Work commenced in May 2005. An interim version™

was issu ed in late 2 006. Th is in terim v ersion un derwent con siderable rev ision fo llowing an ex tensive
Agency-wide rev iew in 2 007 along with so me additional rev isions as aresu Ito f the rev iew by th e NASA
Engineering Management B oard (EM B) in the first half of 2008. Issuance o f't he revi sed, permanent ve rsion,
hereafter referred to as the M&S Standard or just the Standard, occurred in July 2008.

Bertch, Zang and Steele” provided a summary review of the development process of this standard up through
the start of the re view by the EMB. A th orough r ecount of the en tire d evelopment pr ocess, m ajor issu es, key
decisions, and all review processes a re available in Ref. v. Thisisthe second ofa pair of papers providing a
summary o f the fin al version ofthe Standard. Its fo cus is the Credibility Assessment Scale, a key feature of the
Standard, i ncluding a n e xample of i ts a pplicationt o areal -world M&S problem for t he James Webb S pace
Telescope. Th e com panion paper” sum marizes t he over all phi losophy of t he Standard and an o verview o fthe
requirements. Verbatim quotes from the Standard are i ntegrated into the text of t his paper, and are indicated by
quotation marks.

I1. Role of the Credibility Assessment Scale

Action #4 from the January 30, 2004 Diaz Team Report® called for NASA to: “De velop a sta ndard for t he
development, documentation, and operation of models and simulations.” None of the six specific objectives of this
action call for the development of a Cred ibility Assessment Scale (CAS). Rath er, this objective was levied by the
NASA Chief Engineer (then Christopher Scolese), informally in a March 2006 meeting and formally in a September
2006 memo that stated that “the M& S standard will ... include a standard method to assess the cre dibility of the
M&S presented to the decision maker when making critical decisions (i.e., decisions that effect human safety or
mission success) using results from M&S.”

II1. Role of the CAS in the M&S Standard

The requirements for t he use of the Cred ibility Assessment Scale fall in Sections 4.7 and 4.8 of the M&S
Standard. The details of the CAS are given in its Appendix B. “The operational concept of the credibility assessment
scale is that the pre sentation of a ny results from M&S to a decision maker include (1) the best esti mate ofthe
results, (2) a statement on the uncertainty in the results, (3) the evaluation of the results on the credibility assessment
scale, and (4) any explicit ca veats that accompany the results. (An e xample of such a caveat woul d be use of the
model in violation of its assum ptions.) The decision maker then makes his/her own assessment of credibility based
upon all four pieces of information in the context of the decision at hand. Just to emphasize this fundamental point,
the credibility assessment scale does not purport to measure credibility; rather, it assesses the M&S results, and the
rigor of t he processes used to produce th em, ag ainst k ey factors th at affectt he cred ibility ju dgment. Th e
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fundamental prem ise of this approachist hatasa general rule,t he m ore rigorous t he key p rocesses used for
generating th e M&S resu lts, th e g reater t he cred ibility of th e M&S resu lts, all else (in cluding the esti mated
uncertainty) being equal.”

The particular reporting requirements related to the CAS are:

“Req. 4.7.1 — Shall assess the cre dibility of M&S results for each of the eight factors in the CAS described in
Appendices B.2 and B.3.

Req. 4.7.2 — Shall justify and document the credibility assessment for each of the eight fact ors referenced in
Req. 4.7.1.

Regq. 4.7.3 — Shall perform the roll-up to an overall score according to the process described in Appendix B.4.

Req. 4.8.3 — Reports to decisio n m akers sh all in clude th e lev el of credibility for the M&S resu Its and the
subfactor weights, using the process specified in section 4.7.”

Several M&S scales had been proposed or were under development prior to the inception of this effort in July
2006, e.g ., Balci, Ad ams, Myers and N ance™, Harmon and Y oungblood™, Oberkampf, Pilch, and Trucano™, and
Green et al™. Several of those involved with th e development of the CAS published papers on the two scales th at
appeared in the interim M&S Standard (Luckring et al*' and Hale and Thomas™) and on a quite different alternative
that was considered (Mehta™").

IV. Summary of the CAS
This section provides a high-level summary of the key features of the CAS.
Overview
“This CAS consists of eight factors grouped into three categories, as illustrated in Figure 1. The eight factors
are Verificatio n, Valid ation, Inp ut Pedigree, Results Unce rtainty, Resu Its Robustness , Use History, M& S
Management, and Pe ople Qualifications. The t hree categories are M&S Dev elopment (Verification, Valid ation);

M&S Operations (Input Pedigree, Results Uncertainty, Results Robustness); and Supporting Evidence (Use History,
M&S Management, People Qualifications). A five-level assessment of credibility is defined for each factor.”

{M&S Results Credibility}

Figure 1. Credibility Assessment Scale



“These eight factors were selected from a long list of factors that contribute to the credibility of M&S resu Its
because (a) i ndividually they were ju dged to be the key fact ors in this list; (b) coll ectively they are nearly
orthogonal, i.e., independent, factors; and (c) they can be assessed objectively. In short, the key aspects assessed by
these eight factors are as follows:

a. M&S Development
(1) Verification: Were the models implemented correctly, and what was the numerical
error/uncertainty?
(2) Validation: How well did the M&S results and the referent data compare?

b. M&S Operations
(1) Input Pedigree: How confident are we of the current input data?
(2) Results Uncertainty: What is the uncertainty in the current M&S results?
(3) Results Robustness: How thoroughly are the sensitivities of the current M&S results known?

c. Supp orting Evidence
(1) Use History: Have the current M&S been used successfully before?
(2) M&S Management: How well managed were the M&S processes?
(3) People Qualifications: How qualified were the personnel?

The M&S Development category captures those aspects of the M&S that pertain to the general assessment of
the credibility of the M&S for their broad intended use; the M&S Op erations addresses the aspects relevant to the
current app lication of the M&S to generate th e particular M&S resu Its un der assessm ent; an d the Su pporting
Evidence category addresses three cross-cutting factors.”

Table 1 gives a high-level summary of the evaluation criteria. The Appendix provides tables with the next level
of detail. Neither Table 1 nor the information in Table 2-Table 5 in the Appendix is sufficient for interpreting the
CAS. The full expl anation c overs 14 pages in the M &S Standard. However, s ome of t he key e xplanations for
interpreting the terms are as follows:

The phrase insufficient evidence is uniformly used for all factors to c haracterize level 0. It means either that no
evidence exists for that factor, or that the evidence that does exist does not meet even the level 1 criteria for that
factor.

The word favorable as used in the level definitions for sev eral subfactors or fact ors (Verification Evidence,
Validation E vidence, Input Pedigree Evide nce and Use History) means that whateve r relevant acceptance criteria
have been dee med su fficient by the program/project in collaboration with the Technical Authority ... ha ve been
satisfied.

The phrase real-world system refers to the real system operating in its real environment.

A problem of interest refers to systems that are so close to the real-world system in its real € nvironment that
they capture most of the essential complexity of the real system and its environment (relevant to th e current M&S
application), and yet fall sh ort of the real system in its real environment. This could be the real system in a similar
environment, or a similar system in the real environment.

The phrase unit problem refers to problems that capture one or more physical phenomena relevant to the current
M&S application. (Some disciplines use the phrase “building block” for what is referred to here as a unit problem.)”



Table 1. Key Aspects of Credibility Assessment Levels

(Factors with a Technical Review subfactor are underlined)

Level Verification Vilidation _ Input Pedigree Results Results Use History | M&S People
Uncertainty Robustness Management | Qualifications

4 Numerical Results agree | Input data agree | Non- Sensitivity De facto Continual Extensive
errors small with real- with real-world | deterministic known for standard. process experience in
for all world data. data. & numerical most improvement. | and use of
important analysis. parameters; recommended
features. key practices for this

sensitivities particular M&S.
identified.

3 Formal Results agree | Input data agree | Non- Sensitivity Previous Predictable Advanced
numerical with with deterministic known for predictions process. degree or
error experimental | experimental analysis. many were later extensive M&S
estimation. data for data for parameters. validated by experience, and

problems of | problems of mission data. recommended
interest. interest. practice
knowledge.

2 Unit and Results agree | Input data Deterministic | Sensitivity Used before Established Formal M&S
regression with traceable to analysis or known fora | for critical process. training and
testing of experimental | formal expert few decisions. experience, and
key features. | data or other | documentation. | opinion. parameters. recommended

M&S on unit practice training.
problems.

1 Conceptual Conceptual Input data Qualitative Qualitative Passes Managed Engineering or
and and traceable to estimates. estimates. simple tests. process. science degree.
mathematical | mathematical | informal
models models agree | documentation.
verified. with simple

referents.

0 Insufficient Insufficient Insufficient Insufficient Insufficient Insufficient Insufficient Insufficient

evidence. evidence. evidence. evidence. evidence. evidence. evidence. evidence.
M&S Development M&S Operations Supporting Evidence

Roll-up Processes

“The primary focus of the C AS is on the s cores for the eight fact ors; and the secondary focus is on the overall

score, which is th e minimum o f the scores for th e eight factors. The five factors inthe M&S Development and
M&S Operations categories are weighted averages of the associated E vidence and Te chnical Review subfactors.
Nevertheless, the emphasis is on the scores at the factor tier; the Tec hnical Review subfactor just serves to tune the
evidence subfactor by the results of internal and external assessments.”




Overall Credibility

Figure 2. Subfactor Weights

Figure 2 illustrates the ten weights that are n eeded for the roll-up from the subfactor to the factor tier. Th e
constraints on these weights are as follows:
a. Each weight lies in the closed interval [0,1].
b. The sum of each subfactor pair, e.g., wll and w12, is 1.
c. The subfactor weight for Technical Review is further constrained to be no more than 0.3.

The achie ved score at the lowest tie  r (fact or or s ubfactor) i s base d o n th e ob jective assessm ent o fth e
documented evidence against the level definition. In the M&S Dev elopment and M&S Op erations categ ories the
achieved factor score is the Evide nce score times the Evidence weight plus the Re view score tim es the Revie w
weight. Constraint c | imits the amount by which Technical Review can increase or decrease the factor score with
respect to the Evidence subfact or score. In the most extre me case, with an E vidence score of 0 and Technical
Review score of 4.0, the factor score is 1.2.

Taking the minimum of t he eight factor scores performs the roll-up of th e eight factor scores into the o verall
score, following the philosophy that “a chain is only as strong as its weakest link.” Preliminary drafts of the M&S
Standard used a weighted average of the factor scores. The decision t o use the minim um score instea d was m ade
during the final review by the NASA Engineering Management Board.

Per Req. 4.7.1, Req. 4.7.3, and Req. 4.8.3, reporting of M&S results will be accompanied by reports of the eight
factor scores and the single, overall score. Possible reporting formats for the factor scores are bar c harts and radar
plots. Also, a recommendation in the M&S Standard is that the achieved scores on the CAS be compared with the
desired, or threshold, assessment levels. This facilitates a “gap analysis” to quickly identify factors where additional
resources and effort, or new and improved methods, should be applied to improve the overall score and hence the
credibility of the M&S results.

At this point, additional insight into the use of the CAS is best left to example.



Example — M&S for the James Webb Space Telescope

Background

The James Webb Space Telescope (JWST) is a large, in frared-optimized space telescope, sche duled for launch
in 2013, JWST will find the first galaxies that formed in the early Universe, connecting the Big Bang to our own
Milky W ay Galaxy. JWST will peer through dusty cl ouds to see stars forming planetary systems, connecting the
Milky Way to our own Solar System. The instruments will be designed to work primarily in the infrared range of the
electromagnetic spectrum, with some capability in the visible range. JWST will have a large mirror, 6.5 meters (21.3
feet) in diameter and a sunshield the size of a tennis ¢ ourt. Both the mirror and sunshade won't fit onto the rocket
fully open, so both will fold up and open only once JWST is in outer space. JWST will reside in an orbit about 1.5
million km (1 million miles) from the Earth.

The JWST project is managed at NASA’s Goddard Space Flight Center (GSFC) in Greenbelt, MD. The prime
contractor for the observatory is Northrop Grumman Space Technology (NGST) in Redondo Beach, CA. The launch
vehicle is an Aria ne 5 ECA roc ket, to be launc hed from Arianespace' s ELA-3 launc h com plex at Europea n
Spaceport loca ted near Kourou, Fre nch Guiana. The Space Telescope  Scien ce Institute in Balti more, MD will
manage Science and mission operations.

M&S has played an important role in the design and development of JWST, and will continue to play a critical
role throughout integration and test (I&T) and pre-launch verification of the observatory. Many mission-critical
requirements cannot be truly verified by test on the ground primarily due to the effects of gravity on the structure,
the extreme environments that must be replicated (particularly the cryogenic thermal environment in which the
telescope optics and instruments operate), and the inherent limitations of available test facilities and the sheer size of
JWST with respect to those facilities. As prime contractor, NGST performs M&S to support design and verification,
while GSFC performs independent M&S to cross-check the results. The overall M&S activity is broken up into
numerous “threads” aligned with related sets of requirements and/or common M&S domains (e.g. thermal analysis,
structural analysis, optical analysis). Many elements of the I&T program are specifically designed to support M&S
Validation.

Example Problem Overview

This assessment of the M&S for the “Deployed Dynamics” thread was conducted in 2008 using the JWST
baseline Verification, Model Validation, and I&T plans. At the time of the assessment, JWST had just successfully
completed its Mission Preliminary Design Review (PDR). The Deployed Dynamics analysis, which examines the
impact on science imaging performance due to structural vibrations, had been repeatedly conducted as the
observatory design matured™. The CAS could have been used to score the results based on the post-PDR maturity of
the M&S. Given that very little hardware testing had occurred by PDR, relatively low scores would have been
achieved in the Validation and Input Pedigree factors. Instead, the scores and rationales given here represent a look
ahead to the final pre-launch assessment of the M&S, assuming that all tests and reviews supporting the M&S take
place as planned. This, then, serves to illustrate how a project M&S team might use the Standard and the CAS for
planning purposes.

The central component of this M&S is a modal (eigenvectors and eigenvalues) representation of the structural
dynamics of the JWST observatory in its deployed, on-orbit configuration. The modal representation is subsequently
integrated into two complementary, end-to-end M&S used to predict the jitter (or pointing stability) performance of
JWST during science operations. The first is a ti me-domain simulation used to evaluate low-frequency jitter within
the bandwidth of the active pointing control loop. The second is a frequency-domain simulation used to evaluate the
uncompensated jitter at frequencies above the control bandwidth. This scoring example for the use of the Credibility
Assessment Scale considers only the modal dynamics model, not these two end-to-end simulations.

The structure is modeled usin g linear Finite Ele ment Me thods (FEM) with MSC NASTRAN, a commercia 1
Finite Element Analysis (FEA) code. A technical review of the conceptual models for the end-to-end simulations
occurred early in the JWST development phase. The consensus of the reviewers was that the use of the linear normal
modes solution provided by MSC NASTRAN was valid, based on the following observations:



e Disturbances from onboard sources (reaction wheels and cryo-cooler c ompressors) are isolated s uch
that the resulting displacements are very small (microns or less) compared to the size of the structure
(tens of meters)

e Large pre-loads are used at jointed interfaces to prevent non-linear stick/slip behavior

Shown in Figure 3 are fr ont and rear is ometric views of the NASTRAN FEM, iden tifying key str uctural
components of the JWST Observatory. The main el ements are t he Optical Telescope Element (OTE), Integrated
Science Instrument M odule (ISIM), S pacecraft Element (SCE), a nd Sun Shield (SS). This model is con siderably
smaller and less complex than other JWST structural models used for stress and thermal-elastic distortion analyses.
Even so, it contain s roughly 200,000 grid points and elements, with roughly 1,000,000 degrees-of-freedom. On the
best sing le-processor wo rkstations, ex traction of th e first 1000 natural frequencies, out to roughly 100 Hz, takes
nearly 6 CPU hours.

Telescope

Spacecraft

Sunshield

Figure 3. FEM of JWST used for dynamics analysis

The primary sources of onboard disturbances are the reaction wheels (R W), located in the SCE. Each of the six
wheels is mounted on a hexapod isolator assembled using passive viscoelastic struts. In the load path between the
SCE and the optical payload — the combined OTE and ISIM structures — is an assembly of four large isolator struts
arranged in a cruciform geometry, again built using passive viscoelastic materials. The OTE is a large, lightweight,
flexible structure by comparison to previous designs such as the Hubble Space Telescope. Accurate modeling of the
structural dynamics of the OTE and the isolators is the key to credible predictions of the jitter performance. The size
and unconventional d esign, co upled with its operation at cryogenic t emperatures, presents a chal lenge t o the
validation of the M&S.

Application of CAS to JWST Example
We now proceed to use the CAS to assess th e cred ibility o f M&S resu lts for t his ex ample p roblem. Th is

example will il lustrate clearly that application of the CAS to real-world problems is not clear-cut, that justification
for the scores must deal with “shades of gray” common to most real-world situations.



Technical Review Subfactors

Five of the eight factors ha ve a Technical Review s ubfactor, which asses ses the level of peer review that has
been successfully completed relevant to that factor. By a “peer review” we mean an assessment that is conducted by
one or more persons of equal technical standing to person(s) responsible for the work being reviewed. An “informal
peer re view” isonet hatisnot co nducted p ursuantt o a process es tablished byt he re viewed or re viewing
organization, whereas a “ formal peer review” is one thatis sanctioned by the program/project and conducted in
accordance with rules explicitly established by the reviewed or re viewing organization. Peer reviews are classified
as “internal” or “external” depending upon whether or not the panel members are drawn primarily from within the
lead Center for the project. Table 5 of t he St andard p rovides t he 1 evel defi nitions for t he Tec hnical R eview
subfactor.

For this example we have assigned a weight of 0.3 to all five Technical Review subfactors. This is the maximum
weight p ermitted for this factor by the standard. This large weigh t is cho sen on the basis th at the JWST project
established, and maintains, a team based at NASA GSFC for purposes of continuously reviewing the M&S activities
of the prime contractor. T his parallel M &S effort provides more than technical review; it performs independent
M&S in order to validate and reproduce Northrop Grumman’s results.

The M&S results are presented at all major design reviews and ultimately at the Flight Readiness Review. This
is an external peer revi ew, wi th repre sentatives fr om other NA SA programs, ot her agenci es, o ther aer ospace
contractors, universities, and retired NASA experts as part of the panel. This review will not address the Verification
factor. R eviews for the ot her fact ors are assum ed favo rable for pur poses o f th e ex ample, and he nce all except
Verification meet the CAS Level 3 criteria.

The M&S activity established by the JWST project at NASA GSFC does perform a thorough (again, assumed
favorable for purposes of this exam ple) eval uation o f all Evidence s ubfactors. However, this is classified as an
internal peer review as it is performed by the lead center for the project. On this basis, the Level 2 criteria are met
for Tec hnical Review forall 5 factors, including Verification. Were this p arallel M &S activ ity perfo rmed at a
different NASA center, or external to the agency, the Level 4 criteria would be met for all 5 factors.

In summary, the Tec hnical Review s ubfactor scores are: Verification (2), Validation (3), Inpu t Pedigree (3),
Results Uncertainty (3), Results Robustness (3).

Verification Subfactor

We now proce ed to the evaluation of the factors themselves, starting with the Verification factor in the M&S
Development category. This factor addresses the question “Were the models implemented correctly, and what was
the numerical error/uncertainty?”” This has both an Evidence subfactor and a Technical Review subfactor. Table 2 of
the Standard provides the level d efinitions for the Verification Evidence subfactor. Note that for this subfactor one
must “climb the ladder”, i.e., one must meet the criteria for Level 1 before qualifying for Level 2, and so on, up the
levels. Section B.3.1.1 of the Standard provides more explanation for these criteria.

MSC-NASTRAN is a commercial code, and as such the evidence for verification at CAS Level 1 must be taken
from the vendor’s documentation. This documentation provides evidence that results from the computational model
accurately match results obtained from closed-form solutions to the mathematical models for simple, ideal structures
such as beam s and pl ates. For CAS Level 2, whi le itis assumed that evidence o f unit and re gression testing is
available from the vendor, the JWST M&S team did not request such data and therefore cannot provide evidence. In
fact, it is conceivable that MSC and other commercial vendors would not provide such evidence out of proprietary
considerations. This is an issue with use of commercial codes that needs to be revisited in future versions of the
M&S Standard. CAS Level 2 is therefore not achieved.

As discussed earlier, CAS Level 2 is achieved for Verification Technical Review.



Validation Subfactor

The ot her factor in the M &S Devel opment category is Validation. This facto r asks “Did th e M&S resu Its
compare favorably to the re ferent data, and how close is t he referent to the real-world system?” It, too, has both an
Evidence subfactor and a Technical Review subfactor. Table 2 of the Standard provides the level definitions for the
Validation Evidence subfactor. Note that for this subfactor one must again “climb the ladder”. Section B.3.1.2 of the
Standard provides more explanation for these criteria.

For m any M&S typ es,th e CAS Lev el 1 criterion “M &S concept ual and m athematical models com pare
favorably with ‘general problem’ and ‘textbook’ referents” may be interpreted as “M&S results com pare favorably
with ‘ge neral problem’ and ‘t extbook’ referents.” The C AS Level 1 evi dence is again provided by the vendor
documentation.

JWST dynamics model v alidation relies o na conv entional appro ach to stru ctural in tegration, test, an d
verification™. This includes “coupon” tests to measure important material properties such as modulus of elasticity
and damping. These tests are performed over the full range of predicted operational temperatures, and the tests are
repeated using a number of different samples in order to build up statistics to support uncertainty analysis. Structural
components and sub-systems are subject to one or more of the following validation tests:

frequency verification (ensures first mode exceeds its requirement)

stiffness test (measures deflection resulting from a known static load)

modal survey (multiple accelerometers are used to measure frequencies and mode shapes)

transfer function test (measures displacements, velocities, accelerations, or interface forces resulting
from a known dynamic load)

The m aterial cou pon tests and structural t ests pe rformed on di screte c omponents such as t he struts used to
provide vibration isolation are deemed to be “unit problems”. CAS Level 2 criteria for validation are therefore met.

Structural tests performed at higher levels of integration, for example the modal survey and transfer function
test of the OT E, are classified as “pro blems of i nterest”. However, here is the first “shade of gray” situation. The
size of JWST precludes structural tests such as modal surveys to be performed at the highest (observatory) level of
integration. Rather, these tests are pe rformed on each of the major elements (OTE, SCE, ISIM, SS). Furthermore,
the OTE a nd ISIM m odal sur veys are pe rformed at ro om temperature even though th e structures ope rate at
cryogenic temperatures on orbit. C hanges in stiffness and dam ping must be fact ored in using the results of t he
material testing, and one special cryogenic modal survey was performed on a small, flight-like structure assembly as
a cross-check. It is certainly arguable that CAS Level 3 criteria for validation are therefore met.

The assessment was performed prior to launch of the JWST observatory, precluding a CAS Level 4 assessment
on the basis that measurements from the real-world system in its real-world environment are not the referent.

As discussed earlier, CAS Level 3 is achieved for Validation Technical Review.
Input Pedigree Subfactor

We now move to the M&S Operations category. The first factor there is Input Pedigree, again with an Evidence
and a Technical Review subfactor. We want to know “How confident are we of the current input data?” Table 3 of
the Stand ard provides the level d efinitions for the Input Pedigree Evidence subfactor. For this subfactor, it is n ot
necessary to “climb the ladder.” One does not need to meet criteria at any lo wer level; one only needs to meet the
criteria at the given level.

Clearly, as is the case with the Validation Evidence subfactor, CAS Level 4 can not be achieved prior to launch
and on-orbit o perations of J WST. B ut al I si gnificant i nput parameters are m easured an d/or t est-correlated vi a

“problems of interest”, and uncertainties in the data are established. Hence, the criteria for CAS Level 3 are met.

As discussed earlier, CAS Level 3 is achieved for Input Pedigree Technical Review.



Results Uncertainty Subfactor

Next, we move to Results Uncertainty, again with an Evidence and a Technical Review subfactor, asking “What
is the uncertainty in the current M&S resu lts?”” or perhaps better put, “How thoroughly are the uncertainties in the
current M&S results known?” Table 3 of the Stan dard provides the level definitions for the Results Un certainty
Evidence subfactor. For this subfactor, it is not necessary to “climb the ladder.” One does not need to meet criteria at
any lower level; one only needs to meet the criteria at the given level. Section B.3.2.2 of the Standard provides more
explanation for these criteria.

The Res ults Uncertainty E vidence s ubfactor sc ores as CAS Level 2,asth esizeo fth e FEM m odel is
problematic for non-deterministic (e.g. Monto Carlo) analysis. Uncertainty in the M&S results is largely evaluated
using parametric swee ps o n i ndividual variables, overt he e xpected ranges of t hose va riables, for a relatively
small number of variables. In a few instances, uncertainty is evaluated by changing the form or fidelity of the model.

As discussed earlier, CAS Level 3 was achieved for Results Uncertainty Technical Review.
Results Robustness Subfactor

The final factor in this category is Resu lts Robustness. This is the last of the 5 factors with both an Ev idence
and a Technical Review subfactor. Its question is: “How thoroughly are the sensitivities of the current M&S results
known?” Table 3 of the Standard provides the level definitions for the Results Robustness Evidence subfactor. For
this subfactor , it is n ot necessary to “climb the ladder.” One does not ne ed to meet criteria at any lower level; one
only needs to meet the criteria at th e given level. Section B.3.2.3 of the Standard provides more ex planation for
these criteria. Consult the definitions for the distinction between uncertainty and sensitivity.

The Resu Its R obustness Ev idence sub factor sco res as CAS Level 2 , as th e sen sitivity o f M&S results is
determined only for a small number of parameters hand-picked by the analysts.

As discussed earlier, CAS Level 3 was achieved for Results Robustness Technical Review.

Use History Subfactor

We now m ove to the factors in the Supporting Evidence category. These are factors that do not deal directly
with the M&S results, but nonetheless have a significant bearing on their credibility. None of these have a Technical
Review subfactor.

The issue for the Use History scoring is “Have the current M&S been used successfully before?” Table 4 of the
Standard provides the level definitions for the Use History factor. Note that for this factor one must partially “climb
the ladder”, i.e., one must meet the criteria for Level 2 before qualifying for Level 3, and one must meet the criteria
for Levels 2 and 3 before qualifying for Level 4. H owever, one nee d not m eet the criteria for Level 1 before
qualifying for higher levels. Section B.3.3.1 of the Standard provides more explanation for these criteria.

The arguments for Levels 1-3 are easy to make. The M&S results for this particular application, implemented in
MSC-NASTRAN using user-supplied material properties, geometric properties, and loads, compare favorably with
data obtained from JWST technology development testbeds and from tests of the flight hardware (Level 1). MSC-
NASTRAN is extensively used for critical d ecisions by the aerospace industry for most space vehicle and satellite
FEA applications (Level 2). M&S results using MSC-NASTRAN have accurately predicted real-world performance
for numerous space missions (Level 3).

Regarding Level 4, there are numerous commercial FEA codes, and it is d ifficult to claim that any one is “the
de-facto standard”. However, at the very least MSC NASTRAN is first-among-equals owing to its heritage in space
applications and by virtue of NASA’s historical role in its development. Accordingly, the JWST project claims that
Level 4 is achieved.
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M&S Management Subfactor

Next we consider M&S Management. The question is “How well managed were the M&S processes?” Table 4 of
the Standard provides the 1 evel definitions for the M &S M anagement factor. N ote that for t his factor one must
“climb the ladder”, i.e., one must meet the criteria for Level 1 before qualifying for Level 2, and so on, up the levels.
Section B.3.3.2 of the Standard provides more explanation for these criteria.

JWST Project M anagement (N ASA), M ission Systems Engi neering (NASA), an d Obse rvatory Sy stems
Engineering (NGST) defined clear ro les and responsibilities for the M &S team, satisfying Level 1 for this factor.
The M&S is developed, operated, and configuration controlled accordi ng to fo rmal procedures established by the
JWST project, including the “JWST M ath M odels Guidelines Document” and the “J WST System Modeling and
Analysis and JWST Models Validation, Verification and Calibration Plan”, satisfying the Level 2 criteria. The M&S
team periodically demonstrates repeatability of the M&S results via independent M&S performed by NASA GSFC,
satisfying Level 3 criteria.

People Qualifications Subfactor

We now come to the last o fthe 8 factors—People Qualifications. The question is “How qualified were the
personnel?” T able 4 o fthe Standard provides the 1 evel definitions for the Peopl e Q ualifications fa ctor. F or this
factor, it is not necessary to “climb the ladder.” One does not need to meet criteria at any lower level; one only needs
to meet the criteria at the given level. Section B.3.3.3 of the Standard provides more explanation for these criteria.

The ar gument for Le vel 4 is easy to make forthis fa ctor. Allteam ands ubteam | eads have a dvanced
engineering or science degrees. T he team include s m embers with ex tensive (2 0+ ye ars in m ost cases, with a
minimum of at least 10 y ears) experience in structural dynamics modeling using MSC-NASTRAN for numerous
prior space flight applications. Written best practices for using MSC-NASTR AN exist and are followed, including
the MSC-NASTRAN User’s Manual and JWST-specific documentations (i.e. the “JWST Math Models Guidelines
Document” and t he “J WST Sy stem M odeling an d A nalysis and JWST M odels Val idation, Veri fication a nd
Calibration Plan”).

Summary of Subfactor and Factor Scores, Overall Score and Reporting Formats

Figure 4 summarizes all o fth e subfactor weigh ts, sub factor scores, and the resulting factors scores fo r this
example problem. The Standard specifies that the overall score for the M&S be determined by taking the minimum
of the factor scores. For this example, the minimum score (1.3) was obtained for the Verification factor, therefore
the overall score for this M&S is 1.3. If one looks at the complete set of eight scores, the JWST Deployed Dynamics
M&S scores very well. The average score is 2.9, actually a very good score for a case in which neither the validation
referent nor the input data are traceable to real world operational (on-orbit) measurements. The low Overall Score,
per the Standard, results from an outlier. The decision maker(s) who rely on results from this M&S would clearly be
aware of all of the scores and all of the evidence presented.

The standard suggests several options for graphical presentation of the scores, Bar Chart format and Radar Plot
format, as illustrated in Figure 5. The standard suggests the use of color coded graphics (red for major deficiencies,
yellow for minor deficiencies, green for meeting the threshold, blue for exceeding the threshold) to present the “gap
analysis” based on required threshold scores for each of t he eight factors. JWST has not established required levels
for the factors, as, at this time, the Standard is not mandatory for NASA projects.
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Factor Evidence Subfactor Evidence Technical Review Technical Review Factor Score
Score Subfactor Subfactor Score Subfactor Weight
Weight
Verification 10 0.7 20 0.3 1.3
Validation 3.0 0.7 3.0 0.3 3.0
Input Pedigree 3.0 0.7 3.0 0.3 3.0
Results Uncertainty 20 0.7 3.0 0.3 23
Results Robustness 20 0.7 3.0 0.3 23
Use History 4.0
M&S Management 3.0
People Qualifications 4.0
Figure 4. Details of CAS Subfactor Scores for JWST Example
- Bar Chart Format Radar Plot Format
4 = ) Verification
People
3 S— — Qualifications & Validation
2
1
2 M&S Input
Management! Pedigree
1 -
Use Results
0 History Uncertainty
Foriieasn "::R" Hasuits "m""h"' e "m" Peopie Results
., = Robustness

Figure 5. CAS Summary Scores for JWST Example — Bar Chart and Radar Plot Formats



Conclusions and Future Work

The CAS measures the M&S results, and the rigor of the processes used to obtain them, against key factors that
were jud ged to best in form key d ecision mak ers and affect th eir credib ility judgment. The factors used span a
reasonably complete percentage of “credibility space”, and application of the CAS to “validation examples” such as
the JWST M &S problem presented here has sh own thatitis not difficult, and i n fact quite useful, to or ganize
technical information and evidence into these categories.

Scoring each factor using the level definitions is reason ably straightforward for some factors, for example Use
History and People Qualifications. In other cases, scoring requires considerable thought and judgment. For example,
Input Pedigree, where in the JWST example there are thousands of parameters and it is impractical to measure each
and ev ery p arameter in cluding th eir uncertain ties. The resu lting sco re was g iven b ased on ju dgment th at
measurements, including sensitivities, were made for all of the important parameters. Working within the framework
of the CAS forces the analyst to pre pare and organize e vidence, and to make the argume nts justifying the scores.
These formalisms are beneficial to both analyst and decision maker alike.

Another issue flagged by the application to the JW ST example relates to the use of COTS (C ommercial Off-
The-Shelf) software for M &S, and in pa rticular the inter-relationship between the Verification and Use History
factors. The level definitions and the “climb the ladder” rule for Verification work quite well for, and in fact were
entirely motivated by, the case in which the source code fo r th e co mputational model is co ntrolled. For COTS
software, this is obviously not the case. In particular, we have quite a “catch 22” scenario in this example involving
the use ofa de-facto standard COTS too 1 that scores low fo r Verificati on, as aresult o flack of visibility into
proprietary so ftware development processes, yet scores h igh for Use History. This issue needs to be addressed in
future revisions to the standard.

Attempts to ap ply the CAS to thetwo en d-to-end d ynamics si mulations proved difficult, resu lting in th e
decision to score only the NASTRAN FEM that is common to both simulations. This problem with the CAS was in
fact understood at the time the standa rd was released , and resulted in a sp ecific recommendation, captured in the
report” to the NASA Engineering and Safety Center (NESC), stating that

“NASA should refine how submodels are treated in the CAS. The pres ent version of the M&S Standar d
makes no distinction between individual models and integrated models consisting of multiple submodels. The
roll-up of assessments of the individual submodels into the assessment of the integrated model is primarily an
issue for the cred ibility assessment scale. The cred ibility assessment should eventually be refined to account
for the additional issues associated with integration of submodels.”

As the M&S Standard was only recently completed and approved, it has yet to be applied to any NASA programs or
projects. As t he Standard gains accepta nce and becomes more widely used, fee dback from the real-life M&S
applications will b e cru cial in refi ning the Stan dard, and i n p articular th e CAS. Accordingly, an add itional
recommendation made in the NESC report states that

“Information regarding credibility assessment scale usage should be collected to determine effectiveness
and provide data for further revision. In general, scales measuring the rigor, credibility, or similar aspects of
M&S results have not receiv ed much use, and there is no consensus on such assessments. In particular, the
credibility assessment scale in the M&S Sta ndard has not been used. The immaturity of this p articular field
necessitates close monitoring of the impa ct of credibility assessment scale usage by NASA programs and the
use o f tha t info rmation to update the cred ibility a ssessment sca le. This is no t a criticism o f'the p resent
credibility assessment scale, but merely an acknowledgment of the state of such assessments; operational use
is essential to advance the state-of-the-art.”
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Appendix

The following tables provide further details on the CAS. Still further details are provided in the M&S Standard
itself. What’s given here is just summary information. A thorough reading of the M&S Standard is necessary for

interpreting and applying the CAS.

Table 2. Level Definitions for Evidence Subfactors in the M&S Development Category

Level Verification Evidence Validation Evidence

4 Reliable error estimation methods are used to M&S results compare favorably for the real-
quantitatively assess numerical errors. These world system at validation points by comparison
estimates show that the errors are small from test of M&S results to an acceptable referent, which
suites, which exercise all important algorithms, all | is measurements on the real-world system.
important features and capabilities, and all
important couplings (physics, modules, etc.) of the
full computational model.

3 Some formal method is used to assess numerical M&S results compare favorably for problems of
errors associated with unit testing with significant | interest at validation points by comparison of
coverage of the code. M&S results to an acceptable referent, which is

experimental measurements on problems of
interest.

2 Favorable results from unit and regression testing | M&S results compare favorably for unit
of key features of the computational model. problems at validation points by comparison of

MA&S results to an acceptable referent, which is
either experimental measurements or higher-
fidelity M&S results.

1 Favorable evidence of verification for conceptual M&S conceptual and mathematical models
and mathematical models. compare favorably with “general problem” and

“textbook” referents.

0 Insufficient evidence. Insufficient evidence.
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Table 3. Level Definitions for Evidence Subfactors in the M&S Operations Category

Level Input Pedigree Evidence Results Uncertainty Results Robustness Evidence
Evidence

4 The input data compare Uncertainty estimates | Sensitivity of the M&S results for the
favorably with measured data | are quantitative and real-world system is quantitatively
from the real-world system, or | based upon known for most of the variables and
the input data came from nondeterministic and | parameters, including all of the most
M&S with a summary numerical analysis. sensitive variables and parameters.
credibility rating above 3.5.

Uncertainty associated with
the input data is known.

3 The input data compare Uncertainty estimates | Sensitivity of the M&S results for the
favorably with acceptable are quantitative and real-world system is quantitatively
measured referent data from based upon known for many variables and
problems of interest, or the nondeterministic parameters.
input data came from M&S analysis.
with a summary credibility
rating above 3.0. Uncertainty
associated with the input data
is known.

2 The input data is traceable to Uncertainty estimates | Sensitivity of the M&S results for the
formal documentation, or the are quantitative and real-world system is quantitatively
input data came from M&S based upon known for a few variables and
with a summary credibility deterministic analysis | parameters.
rating above 2.0. or expert opinion.

1 The input data is traceable to Uncertainty estimates | Sensitivity of M&S results for the real-
informal documentation, or are qualitative. world system is estimated by analogy
the input data came from with the quantified sensitivity of
M&S with a summary similar problems of interest.
credibility rating above 1.0.

0 Insufficient evidence. Insufficient evidence. | Insufficient evidence.
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Table 4. Level Definitions for Factors in the Supporting Evidence Category

Level Use History M&S Management People Qualifications
4 De facto standard. Continuing Process Possesses an advanced engineering or
Improvement: The M&S science degree or extensive work
effort is using measurements experience in M&S, has extensive
on M&S processes to improve | experience with the development and use of
the repeatability of the M&S the M&S being reviewed, and has employed
results. specific recommended practices relevant to
current application.

3 Post-decision real- Predictable Process: The Possesses an advanced engineering or
world events have been | M&S effort is measuring science degree or extensive work
accurately represented repeatability of the M&S experience, has general M&S training, has
in results (e.g., results generated by the M&S | specific experience with the M&S being
validated by mission processes. reviewed, and has been trained on specific
data). recommended practices relevant to the

current application.

2 Used previously to Established Process: The Possesses an engineering or science degree,
perform analysis upon MA&S effort has established a has received formal training in formulation
which critical decisions | documented process for M&S | of M&S and generic training in
have been made. development and operations. recommended practices for M&S, and has

developed M&S products.

1 Specific scenarios have | Managed Process: The M&S Possesses an engineering or science degree,
been created to test roles and responsibilities have | has been introduced to the topic of M&S,
application, or results been defined. and has been exposed to generic
compare favorably with recommended practices in M&S.
outputs from other
similar tools.

0 Insufficient evidence. Insufficient evidence. Insufficient evidence.

Table 5. Level Definitions for the Technical Review Subfactors
Level Technical Review
4 Favorable external peer review accompanied by independent factor evaluation.
3 Favorable external peer review.
2 Favorable formal internal peer review.
1 Favorable informal internal peer review.
0 Insufficient evidence.
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