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In order to evaluate the risk inherent in a complex system, including a reasonable
accounting of the many uncertainties that characterize both the environments to
which the system.is exposed and the responses of the system to these environments,
risk analysts are tOrced to use statistical approaches. Some have chosen to _sume
that the variables have specialized distributions that lend themselves to rapid
convolution. Others have resorted to Monte Carlo techniques or to simil_i.rsampling
approaches. Such techniques have been used to determine the resultant distributions
of various risk indices, such as the frequency of core melting in a nuclear power
plant,1 the probability of accidental nuclear detonation in a nuclear weapon system,l
or the expectation ofhealth effects from radioactive dispersalrS and to estimate the
medians, means, and confidence intervals of these resultant distributions.

If the system is very well designed for safety, then simple convolution or sampling
approaches may have to be augmented by intelligent searching schemes. Axt
excellent example is the prediction of the probability of an acc-idental nuclear .
detonation for a nuclear weapon system. Under practically all situations, accidental
nuclear detonation is virtually, impossible because modern nuclear weapon systems
are designed to preclude it. They have a series of strong links and weak links that are
guaranteed to f_iilin a prescribed order when exposed to virtually all credible
abnormal environments, such as fires, impacts, punctures, crushes, external pressures,
lightning, or chemical attack. However, no engineered system .is perfect, and under
certainpeculiar conditions involving combinedenvironments that are spatially
directedin the worst possible way, the strong links may fail before the weak links and
an accidental nuclear detonation may be plausible. The challenge is to ide.nti_ those
conditions through an intelligent searching process and to determine whether their
probability of occurrence is fiigh enough to be of concern. _(Thecurrent requirements
for nuclear weapon systems stipulate that the probabiliW of nuclear detonation must

,4 be less than one chance in a million for any credible abfiormal environment or
combination of abnormal environments.)

In the weapon system application, LHS generates millions of sample members,
¢" each consisting of a different set of parameter values, and we must employ intelligent

searching techhiques to reduce this set to a more workable number. We do this
through a discriminator subprocess, which we will describe momentarily. The
discriminator selects a fraction of the LHS sample members (i.e., several thousand)

,_ which are judged to possess the highest potential for producing the undesired
outcome (i.e., nuclear detonation).
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To evaluate the response of the system for the remaining sample members, we
exercise a set of risk-compatible physical response codes such as TEMPRA-3D and
STRESS-3D. These are fast-running thermal and structural analysis codes which are
benchmarked to results obtained from more detailed finite-element codes. We
describe the concepts employed in these codes in a companion paper.6

We combine results from TEMPRA-3D and STRESS-3D watlia fault tree model
which is produced by the codes SEATREE_ and SETS/SABLE.a The fault tree for
the weapon system application describes the pathways by which electrical energy may
propagate from a source to the detonators in the nuclear explosives package. We use
a cut set uncertainty analysis code, TEMAC,9 to evaluate whether the undesired
event occurs for each sample member and to analyze the principal contributing
factors. For the sample members that produce the undesired outcome or come close
to producing it, we perform further analysis using the more detailed finite-element
p__h_,sicalresponse models together with the prevmusly generated fault tree models..
Ttius we obtain a detailed analysis for those combinations ot parameters that proviae
the highest potential for achieving the undesired outcome. The whole process, or a
part o-fit, may be iterated as many times as necessary to assure that the accounting of
potential pathways is reasonably complete.

The discriminator subprocess provides the basis for intelligent searching. Two
examples of discriminator subprocesses are illustrated in Figure 2. In the first
example, we develop a much sqmpler representation of the system by employing only
a Iew representative cut sets to describe the pathways to the undesired outcome anda
few algebraic equations to describe the physical responses of the components. We
select the representative cut sets and formulate the algebraic equations by analyzing
results obtained with the more detailed fault tree and risk-compatible physical
response models for a select number of cases. We then apply the simpler
representation to determine, for each of the original millfons of sample members, a
figure of merit loosely interpreted as a "closeness to the undesired outcome". More
specifically, the figure of merit records the margin by which the most critical race in
eacla cut set is won or lost. Sample members having the highest figures of merit are
retained for further analysis. . ....

In the second discriminator example, we extract the first tew tlaousanclout ot me
original millions of sample members and use the complete fault tree and the
complete risk-compatible physical response models to evaluate how close each comes
to proclucing the undesiredoutcome. -From this subsample, we identify a few tens ot
members which appear to have the highest potential for the undesired outcome.
These few members are used as "seeds" for paring down the original sample. The
sample members whose sampling parameters lie closest to the seeds are retained for
further analysis.

To test these processes and their ability to speed the convergence to a solution,
we devised a sample problem. This problem simulates, qualitatively, the key
characteristics of a nuclear weapon system's response tofires, including the thermal
races between strong links and weak links that determine the outcome. At the same
time, it incorporates a set of simplifications that enable us to obtain an "exact"
analytical solution for the mean probability of the simulated undesired outcome and
the statistical parameters that characterize its uncertainty. In addition to providing a
means for benchmarking the intelligent searching algorithm, the sample problem
provides insights into the challenges involved in searching for small regions of
vulnerability in a large parameter space.

At Sandia, we have'been exploring intelligent searching processes that are based
on the.principles of importance sampling. Figure 1 illustrates one of these processes
which is applicable to the nuclear weapon system application. In this example, we
first derive an accident scenario (event tree) mode[rising the EVNTRE code.4 We

r,I exercise this model to provide environment parameter distributions for a Latin
h_cpercube sampling analysis performed by the code LHS.5 We also input

e* distributions for weapon system orientations, material physical properties, and
component physical thresholds.

, The presentation will describe the modeling concepts, searching algorithms, and
code interfaces that we have discussed above. It will also present the derivation of

c the sample problem, identify how it relates to risk applications such as the nuclear
" weapon system example, describe how it was used as a test bed for searching

a!gorithms, and discuss the insights gained from these analyses. Finally, it will
•_ identify some of the potential uses of intelligent searching algorithms for a variety of
,_ risk-related problems.
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. _ Figure 1. Illustration of a Process for Evaluating
Nuclear Detonation Pathways.
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.-._ Figure 2. Illustration of Two Discriminator Subprocesses.
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,_ Figure 1. Illustration of a Process for Evaluating Nuclear Detonation Probabilities,

0

NI



,r

Discriminator (A)

Fault Tree
Model

/

• .................... _W ° ........ ° ...... ° ....... ._.°°.°.. ...... ..Q, --

f

--_ RepresentativeFCutSets

107 _ -- Evaluation _

t Algebraic

Phys. Response

Equations
A

/

Risk-Compatible

Phys. Response
Models

Discriminator (B)

Fault Tree
Model

-- Evaluation
104 102

t Risk-Compatible t

Phys. Response
Models

Ir

_4 107 1 Comparison 1 04
_J

_ I.o.°.o......o°.. ......... o ........ .°...o.°o°°. ..... _°.°°o° .......... - -*-*° - °°°°-o_*--o--°---- .....

I

Figure 2. Illustration of Two Discriminator Subprocesses
II ..

• ...._



II




