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PROBABILISTIC METHODS NOMENCLATURE

AIS
AMV
CDF
EGRA
FORM
FX ((E)
fx (@)
g9(-)
MPP
MPPL
MV

n

Py
PDF
SORM

Adaptive Importance Sampling
Advanced Mean Value

Cumulative Distribution Function
Efficient Global Reliability Analysis
First-Order Reliability Method
CDF of X

PDF of X

Limit State Function (g-function)
Most Probable Point

Most Probable Point Locus

Mean Value

Number of Random Variables
Probability of Failure

Probability Density Function
Second-Order Reliability Method
Standardized Normal (Gaussian) Variable
Basic (Original) Random Variable
Performance or Response Function (Z-function)
Probabilistic Sensitivity Factor
Minimum Distance

CDF of u

PDF of u

Mean value

Standard deviation

Superscript denoting MPP (u*, X*)



Chapter 1

Introduction

This manual summarizes the available solution methods in NESSUS, listed below.

e First-order reliability method (FORM)

e Second-order reliability method (SORM)

e Standard Monte Carlo method (MONTE)

e Radius-based importance sampling method (ISAMF, ISAMR)
e Adaptive importance sampling methods (AIS1, AIS2)

e Advance mean-based method (MV, AMV, AMV+)

o Efficient Global Reliability Analysis (EGRA)

e Gaussian Process Response Surface Method (RSM_GP)

e System reliability analysis method (FTREE)

Most of the methods are approximate in nature and strive to provide very efficient analysis relative to the
standard Monte Carlo method, which provides an asymptotically exact solution as the number of random
sampling approaches infinity.

The selection of an appropriate method should be guided by several considerations, including required
computational time, which strongly depends on the complexities of the performance functions (e.g., finite
element models versus closed form equations), and solution accuracy, which generally depends on the non-
linearity and smoothness of the performance functions.

In the following, some background information is given first, followed by the descriptions of the methods.
References are cited throughout and listed at the end of the document.



Chapter 2

Basic Definitions and Probability
Integration Concepts

2.1 Response, Performance, and Limit-state Function

Many of the reliability analysis concepts originated from structural reliability analysis, where failure condi-
tions are defined using limit states [1-4]. To expand the concept to CDF (cumulative distribution function)
analysis, this document adopts the following definitions and notations that distinguish response functions
from limit state functions.

A Z-function is a response function or a performance function such as stress, displacement, natural fre-
quency, fatigue life, etc.

Z(X)=2(X1,X2,X3,...,Xp) (2.1)

where Xi (i = 1,n) are the random variables.
A g-function is a limit state (also called performance function in the literature) defined as:

9g=Z(X)—2p=0 (2.2)

where 2z is a particular value of Z. The g-function is defined such that g(X) = 0 is a boundary that divides
the random variable space into two regions: failure [g < 0] and safe [g > 0]. Because the CDF of Z at
zo equals the probability that [g < 0], the CDF can be computed by varying zy and computing the point
probability.

A component reliability problem has only one g-function whereas a system reliability problem involves
multiple g-functions.

2.2 Probability Integration

Given a g-function and given the joint probability density function, PDF, fx(«), the probability of failure
is the probability in the failure domain €2 and is given by:

pi= [ [ o) (23)

This integral can be computed using a straightforward standard Monte Carlo procedure. However, when
the g-function is complicated, requiring an intensive numerical calculation for each sample of X, and ps
is small, this random sampling procedure becomes impractical for engineering analysis and design. For
practical purposes, efficient and approximate analysis tools are needed.



2.3 Most Probable Point Concept

Several methods in NESSUS are based on the Most Probable Point (MPP) concept. In the structural
reliability literature, the MPP is also known as the Design Point, which is defined in a coordinate system of
an independent, standardized normal vector w. In the u-space, the joint probability density function (PDF)
is rotationally symmetric around the origin and decays exponentially with the square of the distance from
the origin. For a two-variable case, the joint PDF has a bell-shaped surface.

By transforming g(X) to g(u) using a distribution transformation, the MPP (x* is a point that defines
the minimum distance, 3, from the origin u = 0) to the limit-state surface g(u) = 0. This minimum-distance
point is a most-probable-point on g(u) = 0 (in the u-space) because the joint PDF at a point (u1, ug, ..., uy)
in the u-space is proportional to exp[—0.5(u? +u + ...+ u2)] where the sum of squares defines the distance.
Therefore the density is a maximum when the distance is a minimum. The MPP concept is illustrated in
Figure 2.1.

Joint PDF

Transformation
- u

Figure 2.1: Most Probable Point (MPP)

Because of its unique probability properties, the MPP is a key point for fast probability analysis. Once the
MPP is identified, it can be used as a basis to develop approximate polynomial g-functions. The approximate
g-functions can be analyzed more easily using several methods including the first and second-order reliability
methods and the convolution methods. The MPP can also be used as a basis for the adaptive sampling
methods described in Section 8.

2.4 Distribution Transformation

Non-normal dependent variables X can be transformed to standardized normal variables u using the Rosen-
blatt transformation [3-5]:



Uy = q)_l [Fl (.731)}
Ug = q)_l [FQ (.’EQ | .’ﬂl)]
(2.4)

Up = ‘1)71 [Fn (xn | T1,T2, ... ;xn—l)]

where F;(z;) is the CDF of X;, F,,(X,, | ...) is the conditional CDF, and ®~!(-) is the inverse CDF of a
standardized normal random variable.
When the variables are mutually independent, this transformation reduces to:

u= 0" [F; ()] (2.5)

The inverse transformation is:

z=F[® (u)] (2.6)

€T

Using the above transformation, the entire g(X)-function can be transformed to g(u) and allow the proba-
bilistic analysis to be performed in the u-space. Numerically, however, the X-to-u or u-to-X transformations
are needed only at points required to find the MPP, construct polynomials, and perform importance sampling.

The advantage for transforming to the u-space is that probabilistic analysis becomes mathematically
more tractable. The drawback is that the involved transformation may significantly distort the g-function
such that an originally flat surface becomes highly curved.

For engineering applications, the Rosenblatt transformation for dependent random variables may be
impractical because the available data is often insufficient to establish the joint and the conditional probability
distributions. A more realistic model transforms each correlated, non-normal random variable into a normal
variable and generates a new set of correlation coeflicients for the transformed normals. The generated
normal variables are then assumed to have a joint normal density function (which is generally not true) and
the correlation coefficients are used to generate a set of independent normal random variables. The inputs
required for the second option include only the marginal distributions and the correlation coefficients. This
option gives exact solutions for correlated normal random variables.

Consider two random variables X; and X; with correlation coefficient R. The correlation coefficient of
the transformed normal variables U; and Uj;, denoted as r, can be found by solving the following equation:

—00 J —00 ag; O'j

where

¢ij

u? — 2ruuj + u?) (2.8)

1
=— —  exp|—
21 — 1?2 p( 2(1-r2)

In general, the calculation of r requires iteratively solving the above equation. A convenient approach
relating R and r was proposed in Ref. 6 and implemented in NESSUS.

2.5 Most Probable Point (MPP) Search Procedure

The MPP is the key approximation point for the MPP-based methods. Therefore, the identification of the
MPP is an important task. In general, the identification of the MPP can be formulated as a standard
optimization problem (i.e., find the minimum distance point subject to g=0) and can be solved by many
optimization methods. In NESSUS, there are two procedures for finding the MPP. One is implemented
specifically for the AMV methods (described in Section 9) and the other is summarized in the following
steps:

(a) Assume an MPP x*.



(b) Compute equivalent normal distributions for the non-normal random variables at x*.
(¢) Construct a linear g-function using x* as the expansion point.

(d) Based on the equivalent normal distributions, compute the minimum distance and the updated MPP in
the u-space.

(e) Repeat steps (b) to (d) until the MPP converges.

In (c), the equivalent normal distribution is computed by the Rackwitz-Fiessler algorithm [1,3,6] which
matches the CDF’s and the PDF’s for the original and the equivalent normal distribution at the MPP point,

Fy (2¥) = ® (u¥) (2.9)
and
foa) = 21 (2.10)
where
wr= AN (2.11)
ON

The parameters py and oy are the mean and the standard deviation of the approximate normal and ¢(-) is
the standard normal PDF.
From the above three equations, the approximate normal parameters can be derived as:
o [(I)_l (Fy (x*))]

on = %) (2.12)

pn =2 — [, (XM)]on (2.13)

According to the principle of normal tail approximation [7], the MPP obtained by the approximate normal
is identical to the one obtained using the inverse transformation. In the equivalent normal approach, which
is the approach used in NESSUS, the inverse transformation is not needed.

The above iteration algorithm has been found to be quite efficient and robust. Many other algorithms
have been proposed in the literature [8-10]. However, just like using any optimization methods, there is
no guarantee that the procedure will always converge. Furthermore, the possibility exists that there are
multiple (local and global) MPP’s. Some multiple MPP problems may be identified and solved by using
the AMV procedure described in Section 9. In general, experience is required in selecting methods. For
non-convergent problems, the AMV methods should be tried followed by the importance sampling method
(ISAMR, described in Section 7), and, as the last resort, the standard Monte Carlo method.

2.6 Probability Sensitivity Analysis

In deterministic analysis, sensitivity is defined as 0Z/0X;, which measures the change in the performance
due to the change in a design parameter. In probabilistic analysis the sensitivity measure is dp/96;, which
measures the change in the probability relative to the change in a distribution parameter (e.g., mean and
standard deviation).

Another useful probability sensitivity analysis is the determination of the relative importance of the
random variables. This can be done by performing several probabilistic analyses in which one of the random
variables is treated as a deterministic variable (i.e., by reducing the standard deviation to zero) for each
analysis. Based on the resulting probability changes, the relative importance of the random variables can
be determined. Repeated analyses, however, may be very time consuming for large numbers of random
variables.

A more efficient way of evaluating the relative importance of the random variables is based on the location
of the MPP. At the MPP, u* = (uj, ul,...,u}), the first-order probability estimate is ®(—() where



B =uf 4 ud® 4w (2.14)
The unit normal vector at the MPP of the g=0 surface is defined as:
Vyg
oa=—— (2.15)
Vgl

The « vector is positive towards the direction of decreasing g (i.e., to the failure region). The sensitivity
factors are the projections of the a vector to the u-axes. Thus, they are the directional cosines of the «
vector as shown in Figure 2.2, and can be written as:

u¥
o = — 2.16
3 (2.16)
The directional cosines satisfy the following rule:
af+as+...al=1 (2.17)

which implies that each a? is a measure of the contribution to the probability (since the probability is
related to (3); higher a (in magnitude) indicates higher contribution. Thus, the sensitivity factors provide a
first-order information on the importance of the individual random variable.

*2 #2 *2
(x:—% B =u +u, +.4u
& 1 oo+l =1

g decreases

Exactg(u) =0

Figure 2.2: Definition of Sensitivity Factors

It can be shown that in the u-space,

|| o (gjju* (2.18)

and in the X-space,

99
0| X | m=— ; 2.19
o (ax)z*al (2.19)
where o; is the normal (or approximate normal for non-normal distribution) standard deviation. It can be

concluded that the sensitivity factors are functions of both the deterministic sensitivity and the uncertainty
(characterized by the standard deviation).



In general, the sensitivity factors depend on the g-function as well as the input probability distributions.
In a CDF analysis, the sensitivity factors will usually be different for different response or probability levels.
This is because the performance sensitivity or the approximate standard deviation may be different for
different response or probability levels.

Because the above probabilistic sensitivity analysis is based on the first-order reliability method, « is
a good probability sensitivity measure only if ®(—/) is a good approximation to the true probability (see
Section 3 for more information).

Based on MPP, other sensitivity measures with respect to a distribution parameter (mean or standard
deviation) or a limit-state function parameter can be computed based on the sensitivity factors and the
distribution transformation [4]. However, the computation has not yet been implemented. Section 8 describes
a sampling-based method for probabilistic sensitivity analysis.

10



Chapter 3

First and Second-Order Reliability
Methods (FORM and SORM)

The FORM probability solution is based on the linearization of the g-function at the most probable point
(MPP) in the u-space. The first-order polynomial, g1 (u), is:

g1 (u) =ap + Z a; (u; —uj) (3.1)

Given g1 (u), the probability of failure is a function of the minimum distance to the plane defined by gl
in the u-space [3,4,6]:

py =2 (=p) (3-2)

where 3 is computed from

g to _ G0t Dz Gitti (3.3)

99 V2 iz a0}
which is allowed to take negative values. A negative 3 means the origin is in the failure region (i.e., for the
ps > 0.5 case) and the « vector is positive from the MPP to the origin. Figure 3.1 summarizes the FORM
results.
The SORM analysis requires a second-order polynomial, gs(u),

n n n i—1
g2 (u) = ap + Zai (u; —uf) + Zbi (ui —u)? + Z Zcii (ui — u) (uj —uj) (3.4)
i=1 i=1 i=1 j=1

The definition of go(u) requires n(n — 1)/2 second order derivatives. NESSUS computes the second-order
coefficients by numerical differentiation. Given go(u), approximate or exact solutions are available [11-13].
A special case of go(u) is a parabola which has an exact integral solution for py [12]. Breitung derived the
following asymptotic formula for large 3 [13]:

n—1

pr® (=0 [J - Bri) 2 (3.5)

where x; are the principal curvatures at the most probable point.

The first and second-order methods, as well as other MPP-based methods (including the advanced first-
order, the convolution method, and the AMV methods), attempt to approximate the original g-functions
by simple functions. It has been reported that these MPP-based methods perform well for a wide range
of applications. However, it should be cautioned that some nonlinear functions (e.g., a sine wave function)
cannot be approximated well by low-order polynomials. In practice, when a performance function is implicitly

11



g decreases

g=au+2a‘u1 =0

a, _ g0)

Za
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Exact g - .

Figure 3.1: First Order Reliability Method

defined and is highly nonlinear, it is difficult to assess the error introduced by the polynomial approximation.
Therefore, for any new type of g-functions, the approximate solutions should be checked using other more

accurate methods.

12



Chapter 4

Standard Monte Carlo Method
(MONTE)

This method repeatedly generates a set of random values from the joint PDF, fx(z), and computes corre-
sponding Z-function values. The Z-values are used to construct a CDF for Z or compute the py estimate for

7 < zp:
Ny (4.1)

where NN is the total number of samples and Ny is the number of samples with negative g values. Figure 4.1
illustrates a Monte Carlo procedure for a reliability analysis.

PDF
Joint Probability Density
X
PDF %
g=<=0
X, g=0 p, = Integral of Joint PDF
Procedure in the [g <= 0] region

1. I‘\If (Number of failure) = 0.

2. Generate random sample of X1, X2.

3. Compute g(X1, X2).

4, Ni: N'+ 1if g(X1, X2) <= 0.

5. Go to step 2 until total no. of samples = N.

Prob [g <= []]:pf:Nf;‘N X,

e Confidence interval of ;} is a function of N @ Need large N for small p . problem

Figure 4.1: Reliability Analysis by Monte Carlo Simulation
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By specifying an error bound and a confidence interval, and assuming that the estimated probability
follows a binomial distribution, the number of samples can be computed as follows:

1_
% error = 100 - &~ (1 - %) ’/Tpp (4.2)

For example, for 10% error with 95% confidence, the required number of samples is

1 —
N = 396779 (4.3)

The probability p is unknown, but can be estimated based on a preliminary analysis with a relatively small
sample size and updated with more samples.

In NESSUS, for user-specified multiple Z-levels, the same random samples will be used for all the Z-levels.
For a CDF analysis, twenty one Z-levels will be determined automatically. The range of Z is mean45 standard
deviations where the mean and the standard deviation are estimated using 1000 samples. The increment
is 0.5 standard deviation. In addition to the CDF values, the sample mean and standard deviation will be
computed.

Whenever practical, this method should be used to supplement other methods to gain experience and
confidence in using other more efficient methods. A sample size of 10,000 may not be enough for very small
p¢, but may be sufficient for a CDF analysis.

14



Chapter 5

Radius-based Importance Sampling
(ISAMF and ISAMR)

In the radius-based importance sampling methods, samplings are performed in the standardized normal (u)
space outside of a sphere (or hyper-sphere for n > 3) as illustrated in Figure 5.1 using a sampling scheme
developed by Harbitz [14]. For each sample generated in the u-space, the inverse transformation is used to
generate a sample in the X-space for g-function evaluations. The basic assumption is that if the MPP is
correct, then according to the MPP definition [g > 0] within the sphere (even though we do not know their
values). Therefore, sampling is not needed within the sphere and the sampling efficiency is always better
than the standard Monte Carlo method except for the special case of zero radius, which is equivalent to the
standard Monte Carlo method.

Figure 5.1: Radius-Based Importance Sampling Method

The p; estimate is:

N
pfr = Wf . P@ampling region (51)

15



where N is the total number of samples (outside the sphere), Ny is the number of samples with negative
g values, and psampling region is the probability outside the sphere.
As discussed in Section 6, by specifying an error bound and a confidence interval, the number of samples

can be computed as follows:
1 —
% error = 100 - &+ (1 — %) \ /Tf (5.2)

where the probability p is the (conditional) probability of failure in the sampling region, i.e.,

Ny
p= N (5.3)

which can be estimated using a preliminary small sample and updated with more samples.

When the ISAMF (the letter F denotes Factor) method is used, NESSUS will first search for the MPP
to define the reference radius (i.e., the minimum distance ), then use the reduction factor (F) to reduce the
sampling radius and increase the sampling region. For example, if § = 3, and F = 0.9, the sampling radius
will be 2.7. This reduction factor can be used to check the accuracy of 8. If the calculated 3 is correct,
reducing the sampling radius will not generate more [g < 0] samples.

When the ISAMR (the letter R denotes Radius) method is used, NESSUS will not locate the MPP.
Instead, a user-specified radius will be used. This method is useful for problems where NESSUS has difficulty
finding the MPP or the user suspects that the calculated MPP is not a global minimum distance point. The
user can run several cases with different radius to estimate 8. This is particularly useful for problems with
very small py (e.g., < l.e-7) that would require a very large number of samples if the standard Monte Carlo
method were used.

Both methods must be used in combination with ANALTYPE 1 (i.e., ZLEVELS). For multiple z values,
NESSUS will treat each zy value as a separate problem, i.e., the code will regenerate random samples for the
second and subsequent zg values. (Note: The current procedure, which was designed for a single zy analysis,
might be enhanced by avoiding redundant sampling for multiple z; analysis).

16



Chapter 6

Adaptive Importance Sampling (AIS1
and AIS2)

6.1 Summary

The Adaptive Importance Sampling (AIS) methods minimize sampling in the safe region by adaptively and
automatically adjusting the sampling space from an initial approximation of the failure region [15,16]. The
sampling space is defined using a limit-state surface (boundary). The performance of AIS depends on the
quality of the initial failure region approximation. Even though the AIS method cannot totally replace the
standard Monte Carlo method, it provides efficient accuracy improvement or checking to the MPP-based
approximation methods (FORM, SORM, AMV+) for component reliability analysis. AIS also provides an
efficient alternative to standard Monte Carlo for system reliability analysis.

There are two methods (AIS1, AIS2) available in NESSUS for selecting the sampling limit-state bound-
aries. AIS1 uses planes and AIS2 uses parabolic surfaces (see Figure 6.1). Both surfaces are constructed in
the u-space and use the MPP to define the beginning sampling limit state. AIS1 changes the distance to the
plane and AIS2 changes the MPP curvature. For most problems tested to date, both methods performed
equally well with AIS2 having a slight edge. AIS1 is less sensitive to the accuracy of the initial MPP but
may require more samples. AIS2 is more sensitive to the accuracy of the initial MPP but is generally more
efficient.

Linear Sphere Parabolic

9>0

— Initial boundary —— g =0boundary --- Final boundary

Figure 6.1: Illustration of the AIS Concept

For user-defined g-functions, AIS is highly recommended because of its overall effectiveness in accuracy
and efficiency. It should be cautioned, however, that the performance of AIS depends on the accuracy of
the MPP. If the starting MPP is far away from the true MPP, AIS may either require a larger number of

17



samples than usually required or may miss a failure region. Therefore, if NESSUS fails to find the MPP,
ATS may not be efficient or may converge incorrectly.

6.2 AIS Methodology

Consider, first, a single limit state. The AIS approach has the following features: (1) the sampling density is
proportional to the joint PDF of the random variables, (2) the initial sampling domain is the failure side of
the limit state surface constructed from an approximate (e.g., parabolic) surface, (3) additional samples are
added after incrementally increasing the sampling region (e.g., by changing the curvatures of the parabolic
surface at the most probable point), and (4) the final sampling domain contains, but is only slightly greater
than, the failure domain. The objective is to minimize over-sampling in the safe region. Sampling in the
safe region is needed only to identify the limit state surface.

To minimize sampling, a good adaptive surface should be able to represent the exact limit-state surface
closely. Compatible with the MPP-based methods, there are several possibilities in choosing and varying the
sampling limit state surface as illustrated in Figure 6.1, where three kinds of sampling boundary surfaces
are shown.

The radius or sphere-based method is the simplest to implement and is the most robust because the
initial MPP is only used to define an initial sampling radius. The disadvantage is that the sampling efficiency
(related to the probability inside the sphere) decreases as the number of random variables, n, increases.

The plane-based method is also easy to implement and the sampling efficiency depends on the minimum
distance and is not affected by n. However, the initial MPP is important in this method and the method is,
therefore, not as robust as the sphere-based method and not as efficient as the curvature-based method.

The curvature-based method adaptively changes the curvature of the parabolic surface at the MPP. The
method’s efficiency and robustness relies on the accuracy of the initial MPP but is generally the most efficient
among the three methods because of it’s ability to closely envelop the failure region. The curvature-based
ATS concept is further illustrated in Figure 6.2, in which the parabolic surface is rotationally symmetric
about the vector OP that passes through the origin and the MPP. The sampling domain can be adjusted by
increasing or decreasing the curvatures of the parabolic surface. By decreasing the curvatures to the extreme
(-00), the sampling region will cover the entire space. However, if (§ is correctly calculated, sampling inside
the sphere is not needed. Therefore, the AIS2 bound is a sphere, as illustrated in Figure 6.2. For additional
checking, the distance to the MPP can also be reduced in case the calculated is in error.

u
— Initial surface 2
— Exactg=0 Adjust curvature to
- - - - Final surface cover (g < 0) region
.l (Add samples in the
~. \fncreased space)
Initial sampling \
region — g\ \
M '\
H o) ! U1
t 1
AN /,
N /" WAIS Bound
g<0lg>0 \"---._..._.-/'/

Figure 6.2: Curvature-based AIS Method

To describe how the curvature-based AIS method is related to other methods in NESSUS (AMV+,
FORM, and SORM), assume that an initial second-order limit state is available in the form

18



g(w) = Vg ()T (0~ u) + 5 (u =) H (") (u =) (6.1)

where Vg(ux) is the gradient at the MPP, and H is the Hessian matrix containing second-order derivatives.
Because Equation 6.1 will be used to define an initial sampling domain for the AIS, only a rough estimate
is needed. A linear g(X)-function generated by the AMV+ method (See Section 9) can be transformed to
the u-space and used to generate a second-order g(u)-function. The transformation procedure to develop a
parabolic surface is well documented in the literature [12] and is given by the equation

n—1
g=0—v, + Z /\iuf (6.2)
i=1

in which v; are independent standardized normal variables, and A; are related to the main curvatures by
the relation k; = 2);. The curvature-based AIS procedure uses Equation 6.2 to develop the initial adaptive
sampling boundary and generate the samples in the [¢g < 0] domain. The corresponding probability in the
sampling region, ps, can be numerically computed [17].

To change the sampling space, the \; are changed to A,. The changes in A; can be made individually or
simultaneously based on a selected probability increment Ap,. Define the changed or perturbed limit state
surface as

n—1
o =0+ N (63)
i=1

where the superscript (prime) indicates a perturbed condition.

Let N7 be the initial number of samples determined based on a confidence interval and an error bound.
During the sampling process, this number will be adjusted based on the updated probability of failure in the
sampling region. The number of failure points in p, is denoted as N1+ . Given a set of \], the sampling is
applied to an increased sampling AS region. A predetermined number of samples, AN, in the AS region,
is calculated using

AN = (pl — ps) N1 = Aps i (6.4)

By computing the original g-function, the number of failure points, AN, within AX, can be determined
and the updated probability estimate becomes

., N +ANT
P=Ps "N T AN
The perturbation procedure can be repeated until no more failure points are observed after at least one
perturbation. A more detailed computational procedure is given in Ref. 18.
Assuming that the sampled p estimate has a normal distribution, for a (1 — «) confidence interval, the
error bound, v (in percentage), is given by

(6.5)

1 « 1- ﬁ
N=® (1 2) N (6.6)
where ®(-) is the standard normal distribution function and p is the probability of failure estimate in the
importance sampling region. KEquation 6.6 can be used to calculate the required samples, N, given an
estimated p. Ideally, we wish to apply AIS to a region very close to the exact failure region resulting in
p =1, and N = 0. This, however, can never be achieved because the sampling region must be greater than
the failure region to indicate that the failure region has been covered sufficiently. In addition, the parabolic
surface may not be a sufficiently flexible surface to approximate the true surface.
The convergence procedure implemented in the NESSUS code is as follows:

1. Generate samples in the initial sampling domain S. Begin with a small sample (10 points) to estimate
p. Then gradually increase the samples until the error bound ~ is acceptable for a selected confidence
level.
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2. Reduce the curvatures (average curvatures are used in NESSUS) such that the increased probability
Ap is a fraction (10%) of the initial probability p. Generate samples only in the increased domain S.

3. Update the probability estimate. Stop the analysis if the probability estimate converges. Otherwise,
decrease the curvature again.

4. In case [ is in error, slightly reduce the minimum distance (i.e., shift the parabolic surface towards the
origin) and generate additional samples. Stop the analysis if no more failure points are observed.

6.3 AIS for System Reliability

In NESSUS a system failure is defined using a fault tree, which provides a way to manage multiple failure
modes. The limit state functions are defined in the bottom events. Sequential failures can be modeled using
the PRIORITY AND gate. A sequence of g-functions, corresponding to a sequence of updated structural
configurations with load redistribution can be explicitly or implicitly defined in the bottom events.

Through a fault tree, all the failure modes can be defined. A failure mode can involve one or more limit
states. By adding all the failure modes, and therefore all the limit states, the system limit state surface can
be constructed piece by piece. The AIS procedure for system reliability analysis requires the construction of
multiple parabolic surfaces. In principle, it is a straightforward extension of the concept for one limit state.
The difficult part is to develop a procedure to add failure regions.

The approach implemented in NESSUS adds samples progressively starting from the most important
limit state, based on the approximate functions. This approach is ineffective for cases where system failure
is governed by the joint effects from several limit states. In such cases, no limit state can be considered as
dominate because the MPP of the individual limit state is not a likely event for a system failure. A more
effective computational procedure adds samples progressively based on failure modes. The initial sampling
regions are based on the approximate limit states generated by the AMV+ method (Section 9) and the
increased sampling regions are based on the perturbed limit states.

Figure 6.3 illustrates the above curvature-based AIS procedure for a system with two failure modes that
involve three limit states. The probability of failure statement is

pr=P{(g1<0)U(93<0)} (6.7)

L/
Increased Sampling
Regions

3 A
g2'

Figure 6.3: AIS for System Reliability
The above adaptive approach for system reliability can be easily modified for use with the radius-based

and plane-based methods. However, the curvature-based AIS is recommended for its overall performance in
efficiency and robustness.
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6.4 Reliability Sensitivity with Respect to a Distribution Param-
eter

The AIS-based sensitivity analysis, not automated in the current version of NESSUS, can be performed using
the AIS-generated samples.

When a distribution parameter is changed, the sensitivity of the probability of failure (denoted as p for
simplicity) with respect to a distribution parameter, 8, can be evaluated using

/ / dx , (6.8)

Therefore,
L 69
de/o  Jo p fxdd’" Ixdb p
or
dlnp dln fx
dlnf E { dInf ] (6.10)

where the expected value is evaluated using the PDF in the failure region. Because the AIS approach uses
the same PDF, the probability sensitivity can be computed using those AIS points in the failure region. No
additional g-function calculations are required.

Two useful dimensionless probability sensitivity coefficients, S, are

dlnp

S, = Tno (6.11)
dlnp

= 12

M d/,L/U (6 )

For some random variables, (e.g., independent normal and lognormal variables), these coefficients can be
analytically derived. For example, let y; and o; be the mean and the standard deviation, respectively, of the
normal random variable i. It can be shown that

dlnp

_ 2 _
dklnaiiE[uZ l]Q (6.13)
and
dlnp 1
— = —Fuy .14
e = 5 Fluila (6.14)

Assuming that a small change in 6, denoted as A6, results in a small change in p, Ap, the changes in p
can be approximated by

Al
Ap=peSe - (6.15)
A random variable approaches deterministic if o approaches 0, i.e., Ac = —o. In this case,
Ap= — pS, (6.16)

which suggests that S, can be used to rank the importance of the random variable uncertainty (o;). Similarly,
if we reduce p by one o for a random variable,

Ap=—pS, (6.17)

Therefore, S, can be used to rank the importance of the uncertainty in the mean values.
The above AIS-based sensitivity analysis approach is particularly useful for system reliability problems
in which there are multiple MPP’s. With the AIS method, the sensitivity calculations are straightforward.
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Chapter 7

Latin Hypercube Sampling (LHS)

7.1 Introduction

Latin Hypercube Sampling is a sampling method that strives for a more uniform coverage of the sample space
than standard Monte Carlo. LHS was first proposed by Ref. 19, and several improvements have since been
developed. The concept is an extension of the so-called Latin square. In the context of sampling, a square
grid that contains sample points such that there is exactly one sample in each row and each column is known
as a Latin square. A Latin hypercube is simply a generalization of this concept to arbitrary dimensions. An
example of a Latin hypercube in two dimensions is given in Figure 7.1.

Figure 7.1: An example of a Latin hypercube sample in two dimensions of size N = 10

The procedure for generating a Latin hypercube begins with the generation of an N x K (where K is
the number of variables) permutation matrix P. Each of the K columns in P is a random permutation
of 1,...,N. Then an N x K matrix R is constructed containing independent random numbers from the
uniform (0,1) distribution. These matrices are used to form the basic sampling plan, represented by the
matrix S as 1

S = N(P R) (7.1)

Now S is a Latin hypercube sample with marginal distributions that are uniform on (0,1). The elements of S
can then be mapped to have the target marginal distributions by using the usual inverse CDF transformation:

vy = Fy (i) (7.2)
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7.2 Correlations

In Ref. 20, Iman and Conover show how the permutation matrix can be modified to target a particular
correlation structure in the resulting sample. Their approach is commonly used both to generate correlated
Latin hypercube samples and to reduce spurious correlations in samples for independent variables.

In this approach, the elements of P are first mapped to standard normals as

! Dij
Yi; = @ <N+1) (7.3)

Then the sample covariance of the resulting matrix Y is computed and its Cholesky factor L is found such
that
LL" = Cov(Y) (7.4)

Then a new matrix Y™ is computed such that its covariance matrix is equal to the target correlation matrix:
T
Y =Y (L 1) L” (7.5)

where L is the Cholesky factor of the target correlation matrix.

The final step is to impart the correlations present in Y™ to the permutation matrix P. Since each
column of P is a permutation of 1,..., N, the natural approach is to use the ranks of the elements of the
columns of Y™ to form a new permutation matrix P*. Thus, the matrix P* has the same rank correlation
as the matrix Y.

When the method is being used to reduce spurious correlation, the target correlation matrix is the identity
matrix, in which case it is easy to see that Eq. (7.5) becomes

Y =Y (i‘l)T (7.6)

Other approaches for reducing spurious correlations in Latin hypercube samples have been proposed as
well. Refs. 21,22 present approaches based on the Gram-Schmidt orthogonalization. These approaches each
make use of an iterative procedure whereby sequential columns of the permutation matrix are updated based
on the ranks of the residuals from a regression of that column on a neighboring column. The original approach
is based on the residuals from a linear regression, and it has been demonstrated to show a considerable
improvement over Iman and Conover’s method for reducing correlation [21]. The approach was later extended
to use quadratic regression, in which case it has been shown to remove not only linear correlations but also
“quadratic” correlations from the sample [22].

7.3 Extending an existing sample

One of the drawbacks of Latin hypercube sampling is that its structure makes it difficult to increase the
size of an existing sample while preserving the property that the resulting sample is still a Latin hypercube
sample. Ref. 23 presents an approach that allows an existing sample of size N to be augmented by N
additional points, while retaining the Latin hypercube structure. This approach can be used in conjunction
with either of the above methods for modifying the permuatation matrix to achieve desired correlations.

The basic idea of this approach is to generate a new random permutation matrix Ps that defines bin
numbers for the new samples. The challenge, however, is that the new points must be located so that the
augmented sample is also a Latin hypercube. In short, this is done by creating a new grid that contains 2%
times as many bins as the original grid. Each row of P4 defines a bin on the original grid that corresponds
to 2% bins on the new grid. However, exactly one of these 2% bins will be “available” for a new point in the
sense of forming a new Latin hypercube. The new point is simply placed randomly within the available bin.
The procedure is then repeated for each of the rows of Ps.
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Chapter 8

Advanced Mean Value Methods (MV,
AMV, AMV+)

The methods described here have been developed primarily for complicated g-functions that require time-
consuming calculations. For simple g-functions, these methods may not offer time savings.

8.1 Mean Value Method

Assume that the Z-function is smooth and Taylor’s series expansion of Z exists at the mean values. The
Z-function can be expressed as:

200=2+ Y (55
i=1 '

:ao+iaiX¢+H(X) (8.1)

=1

= Zuv (X) + H (X)

)-(Xz-—m>+H<X>

where the derivatives are evaluated at the mean values; Zysy is a random variable representing the sum of
the first-order terms and H (X)) represents the higher-order terms.

There are several ways of obtaining a;. In NESSUS, the coefficients a; are computed by numerical
differentiation method (for user-defined g-functions) or by the least-squares method (for user-defined data
sets). The minimum required number of Z-function evaluations is (n + 1) using a numerical differentiation
method.

By retaining only the first-order terms, the mean and the standard deviation of Z, assuming independent
random variables, are approximately:

n

Mz~ ap + Z s (8.2)
i=1
ol ~ Z ajo? (8.3)
i=1

These two statistical moments can be computed easily after the coefficients a; are computed. Equations 8.2
and 8.3 constitute the mean-based first-order, second-moment method. However, when the probability
distributions, not just the first two moments, of X; are fully defined, the CDF of the first-order terms, Zy;v,
is also fully defined. Since the Z,;y-function is linear and explicit, its CDF can be computed effectively
using many methods. Thus, the mean-value first-order (MVFO, abbreviated as MV) solution defines the
CDF of Zpsv, not just the two moments.
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For nonlinear Z-functions, the MV solution is, in general, not sufficiently accurate. For simple problems,
it is possible to use higher-order expansions to improve the accuracy. For example, a mean-value second-order
solution can be obtained by retaining second-order terms in the series expansion. However, for problems
involving implicit Z-functions and large n, the higher-order approach becomes difficult and inefficient. The
AMYV method described below provides an alternative to improve the MV solution with minimum additional
Z-function evaluations.

8.2 Advanced Mean Value Method

The advanced mean-value first-order (AMVFO, abbreviated as AMV) method improves the mean value
method by using a simple correction procedure to compensate for the errors introduced from the truncation
of a Taylor’s series. In addition, the AMV-based CDF provides information on the nonlinearity of the
g-function to detect potential numerical problems [24].

The AMV model is defined as:

Zamv =Zuv +H (Zyv) (8.4)

where H(Z v ) is defined as the difference between the values of Zyy and Z calculated at the Most Probable
Point Locus (MPPL) of Zysy. The MPPL is defined by connecting all the MPP’s for different z values [25].
The MPPL of Z,;y is generally a nonlinear curve in the u-space. For a complicated structural analysis, the
construction of Zy;y may be time-consuming, but its MPPL can be computed easily.

The key to the AMV method is the reduction of the truncation error by replacing the higher-order terms
H(X) by a simplified function H(Zysv) dependent on Zysy. Ideally, the H(Zpy ) function should be based
on the exact most-probable-point locus (MPPL) of the Z-function to optimize the truncation error [24,25].
The AMV procedure simplifies this procedure by using the MPPL of Zy;y. As a result of this approximation,
the truncation error is not optimum; however, because the Z-function correction points are generally “close”
to the exact most probable points, the AMV solution provides a reasonably good CDF estimation for many
engineering application problems.

The computational steps for a point CDF analysis are: (1) Based on Zysy, compute the MPP, x*, for
a selected CDF value. (2) Compute Z(x*) to update z for the selected CDF value. Given the MV model,
the required number of Z-function calculations equals the number of selected CDF values. The above steps
require the construction of the Zy;v-function only once for all the CDF levels. Assuming that a numerical
differentiation scheme is used to define the Z,;y-function, the required number of the Z-function evaluations
is (n + 1+ m), where n is the number of random variables and m is the number of CDF levels. Figure 8.1
illustrates the above AMV procedure for a selected CDF. The accuracy of the CDF solution depends on the
quality of the MPPL from Z,;y, i.e., the solution is good if the approximate locus is close to the exact one.

8.3 Advanced Mean Value Plus (AMV+) Method

In general, the AMYV solution can be improved by using an improved expansion point, which can be done
typically by an optimization procedure or an iteration procedure. Based initially on Z;y and by keeping
track of the MPPL [10], the exact MPP for a limit state Z = z can be computed to establish the AMV+
model defined as:

[ 0Z
Zamve =2 (a*)+ ) (8X—)
i=1 v

where x* is the converged MPP for Z = 2.

It is important to note that the variables X; are generally non-normal and dependent, therefore the above
AMV+ model, which is linear in the X-space, is different from the first-order reliability method (FORM)
model, which is linear in the u-space. An advantage of Equation 8.5 is that it provides an initial estimate of
the curvature (about the MPP) in the u-space that can be used both for approximate probability of failure
analysis and for starting the AIS2 analysis described in Section 8. It is particularly useful when the curvature
is primarily caused by the non-normal to normal transformation.

i=1
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Figure 8.1: Hlustration of the AMV Method

Based on the AMYV results, two iteration algorithms, one for specified probability level and the other for
specified Z level have been proposed [10,24] to improve the CDF estimates. The two algorithms are illustrated
in Figures 8.2 and 8.3. The algorithm for specified probability level is summarized in the following steps:

e Construct a linear Z-function, Zj, initially mean-based, and search for zy such that P[Z; < z9] =
probability goal.

e Use most probable point of Z; = z9 and re-compute Z.
e Obtain the new Z1-function around the most probable point of Z; = zj.

e Repeat the above steps until zg converges.

In general, the above steps require the construction of the Zl-function several times. Therefore, for
complicated Z-functions which require extensive computations, efficient sensitivity computation schemes are
preferred in updating the Z1-function.

8.4 Example

To illustrate the AMV and AMV+ method, consider an example where the Z-function is the first bending
natural frequency of a cantilever beam. This frequency (Hz) can be approximated as

Et?

= 0.5602) [ ——
fu = 0:3602) | 355

(8.6)
where FE is the modulus of elasticity, t is the thickness, p is the material density, and L is the length.
The parameters E, t, p, and L are lognormal random variables. Their statistical parameters are defined in
Figure 8.4.

By numerical differentiation at the mean values of the random variables, the following first-order approx-
imation can be obtained using the results of five Z-function (i.e., Equation 8.6) evaluations.
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Figure 8.2: AMV+ Iteration Algorithm for a Specified P-level
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Figure 8.3: AMV+ Iteration Algorithm for a Specified Z-level
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fuv =ao+ a1 E + ast + asp + as L (8.7)

Based on Equation 8.7 an MV CDF solution can obtained as shown in Figure 8.4. Note that the CDF
solution is plotted on a normal probability paper.

The above MV solution is exact if f,, is a linear function of the four random variables. However, since
Equation 8.6 is a non-linear function, Equation 8.7 is subjected to error in the regions away from the mean
values. For each selected probability, the AMV solution is obtained by calculating f,, (Equation 8.6) at the
most probable point (E*, t*, p*, L*) obtained using Equation 8.7. This requires one function evaluation of
fn for each selected probability.

In Figure 8.4, three points are shown at a selected probability level (CDF = 0.003%). Point 1 is the MV
solution, point 2 is the AMYV solution, and point 3 is the AMV+ solution.
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1AMV
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]
=
E 1% — fw=a,+aE +at+ap+al
2 i
E 7
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Figure 8.4: The AMV+ Analysis for the Cantilever Beam Example [24]

8.5 AMV-based Methods (AMYV and AMV+) for Non-monotonic
g-functions

The previous AMV-based methods have been applied to numerous problems to validate the procedure and
code [24,26,27]. In those tested examples, the AMV-based method provided satisfactory solutions. When
the Z-function is a strongly non-monotonic function of X, the AMV-based CDF solution may suggest that
the Z-function is a strongly non-monotonic function of Zp;y. Based on this information, modified CDF
solutions has been developed [24].
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Chapter 9

Surrogate-Based Reliability Analysis
Methods

9.1 Efficient Global Reliability Analysis (EGRA)

Efficient Global Reliability Analysis was introduced in Ref. 28. EGRA locates multiple points on the limit
state throughout the random variable space and uses these points to construct a Gaussian process model that
provides a global approximation for the entire limit state. By focusing the samples in the only region of the
space where accuracy is important (near the limit state) an effective model is created with a minimal number
of samples. The resulting model is then used as an inexpensive surrogate to provide function evaluations
in a sampling method to perform the probability integration, which leads to highly accurate probability
estimates. The method’s name is derived from its connection with Efficient Global Optimization (EGO),
which was originally proposed by Jones et al. [29] for application to unconstrained minimization problems.

The feature that sets EGRA apart from other surrogate-based reliability methods is its iterative process
based on the expected feasibility function (EFF). The EFF is used to select the location at which a new
training point should be added to the Gaussian process model by maximizing the expectation that that
the point lies on the limit state contour. A point could be expected to lie on the limit state contour if its
predicted value is near the limit state value, or if the uncertainty in its prediction is such that there is a
significant probability of its true value being near the limit state value. Because the uncertainty is higher
in regions of the space with few observations, this provides a balance between exploiting areas that predict
good solutions, and exploring areas where more information is needed. The general procedure of EGRA is:

1. Build an initial Gaussian process model of the response function.
2. Find the point that maximizes the EFF. If the EFF value at this point is sufficiently small, stop.

3. Evaluate the response function at the point where the EFF is maximized. Update the Gaussian process
model using this new point. Go to Step 2.

9.1.1 Gaussian Process Models

Gaussian process (GP) models are different from other surrogate models because they provide not just
a predicted value at an unsampled point, but a full Gaussian distribution with an expected value and a
predicted variance. This variance gives an indication of the uncertainty in the model, which results from the
construction of the covariance function. This function is based on the idea that when input points are near
one another, the correlation between their corresponding outputs will be high. As a result, the uncertainty
associated with the model’s predictions will be small for input points that are near the points used to train
the model, and will increase as one moves further from the training points.
Tt is assumed that the true response function being modeled, g(x), can be described by: [30]

9(x) = h(x)"B + Z(x) (9.1)
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where h() is the trend of the model, 3 is the vector of trend coefficients, and Z() is a stationary Gaussian
process with zero mean (and covariance defined below) that describes the departure of the model from its
underlying trend. The trend of the model can be assumed to be any function, but taking it to be a constant
value has been reported to be generally sufficient [31]. NESSUS employs a constant trend function and 3 is
determined through a generalized least squares estimate (see Eq. 9.8). The covariance between outputs of
the Gaussian process Z() at points a and b is defined as:

Cov[Z(a), Z(b)] = 0% R(a,b) (9.2)

where 0% is the process variance and R() is the correlation function. There are several options for the

correlation function, but the squared-exponential function is common, and is used here for R():

d
R(a,b) = exp l— Z 0;(a; — bi)Z] (9.3)

where d represents the dimensionality of the problem, and 6; is a scale parameter that governs the degree
of correlation between the points in terms of dimension i. A large 6; is representative of a short correlation
length.

The expected value j,() and variance o7 () of the GP model prediction at point x are:

1g(x) =h(x)"B+r(x)"R™' (g — FQ) (9-4)
711
i =at - o™ w007 [0 ] (o] 95)

where r(x) is a vector containing the correlations between x and each of the n training points (defined by
Eq. 9.3), R is an n X n matrix containing the correlation between each pair of training points, g is the
vector of response outputs at each of the training points, and F is an n x ¢ matrix with rows h(x;)? (the
trend basis function at training point ¢ containing ¢ terms; for a constant trend ¢ =1). This form of the
variance accounts for the uncertainty in the trend coefficients 3, but assumes that the parameters governing
the covariance function (0% and 0) have known values.

The parameters 0% and 6 are determined through maximum likelihood estimation. This involves taking
the log of the probability of observing the response values g given the covariance parameters, which can be
written as: [31]

log [p(gR)] = - log|R| — log(5%) (96)

where |R| indicates the determinant of R, and 6% is the optimal value of the variance given an estimate of
0 and is defined by:
1 e R

(g-FB)"R (g -Fp) (9.7)

6% =—
n

where 3 is the generalized least squares estimate of 3 from:

B=[F"R'F] ' F'R g (9.8)

Maximizing Eq. 9.6 gives the maximum likelihood estimate of 8, which in turn defines o%.

9.1.2 Expected Feasibility Function

The expected feasibility function is used to select the location at which a new training point should be
added to the Gaussian process model. It does this by calculating the expectation that the true value of the
response is expected to satisfy the equality constraint g(x)=2z (i.e., that it lies on the limit state) based on
the expected values and variances predicted by the current GP model. An important feature of the EFF is
that it provides a balance between exploiting areas of the search space where the limit state has previously
been found, and exploring areas of the search space where the uncertainty is high. First, recognize that at
any point in the design space, the GP prediction §() is a Gaussian distribution:

9(x) ~ N [p1g(x), 04(x)] (9.9)
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where the mean 4,() and the variance o7() were defined in Egs. 9.4 and 9.5, respectively.

Inspired by the contour estimation work in Ref. 32, the expected feasibility function is defined as:
EF(x) = F [e(x) — min (|§(x) — Z|, e(x))] (9.10)

where the € term is used to focus the search in the immediate vicinity of the response threshold. This
expectation can be calculated by integrating over zZ + e:

z+e€
BP0 = [ le= |z~ al) fydg (911)

where g denotes a realization of the distribution f;. Allowing z* and z~ to denote Z + €, respectively, this
integral can be expressed analytically as:

- - +
EF(x) = (1 — 2) [M (zug) 5 (H) _® (Zugﬂ
o4 og og
5 - +
Z—pu zT — i 2t —
-2 (552) o (55) - (5]
Og Og Og
+ _ - _
b oo (E2te) e (2] 9.12)
Og Og
where € is proportional to the standard deviation of the GP predictor (e o oy). In this case, 27, 2z, pg, 0y,
and e are all functions of the location x, while Z is a constant.
Note that the EFF provides a balance between exploration and exploitation. Points where the expected

value is close to the threshold (uy~ z) and points with a large uncertainty in the prediction will have large
expected feasibility values.

9.1.3 Efficient Global Reliability Analysis Algorithm
The following process makes up the EGRA algorithm:

1. Generate a small number of samples from the true response function.

(a) Only ("Héﬂ samples are used (where n is the number of random variables). This initial
selection is arbitrary, but the number of samples required to define a quadratic polynomial is used
as a convenient rule of thumb.

(b) The samples uniformly span the random variable space over the bounds z; =F, i_l [®(£5)], though
the bounds of this search space can be adjusted if needed.

(c) Latin hypercube sampling is used to generate the samples.
2. Construct an initial Gaussian process model from these samples.
3. Find the point with maximum expected feasibility.

(a) The expected feasibility function is built with € = 20,.

(b) To ensure the global optimum of this multimodal function is found, the DIRECT [33] global
optimizer is used.

(c) If the maximum expected feasibility is less than 1E-5, the model has converged. Go to step 6.
4. Evaluate the true response function at this point.
5. Add this new sample to the previous set and build a new GP model. Go to step 3.

6. The resulting GP model is now used to calculate the probability of failure using any sampling method.
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9.2 Gaussian Process Response Surface Method (RSM_GP)

The Gaussian Process Response Surface Method is similar to the EGRA method in that it makes use of a
Gaussian Process response surface model (see Section 9.1.1) to approximate the limit state function, enabling
an efficient estimation of the failure probability. However, while EGRA uses an optimization algorithm to
select the locations of the training points, RSM_GP selects the training points randomly.

Recall that surrogate-based methods aim to approximate the functional relationship between the random
variables and the performance model response. The first step of the RSM_GP method is to randomly
generate the locations of the response surface training points. These locations are generated as a uniform
Latin Hypercube design (see Chapter 7) over user-specified bounds for the random variables.

The limit state function is then evaluated at the training point locations, and the resulting data are used
to construct a Gaussian process surrogate model (Section 9.1.1). The surrogate model is then sampled using
basic Monte Carlo sampling (Chapter 4).

One of the advantages of this method is that it provides the user complete control over the number of
times the performance function will be evaluated (this is the number of training points). Using an insufficient
number of training points, however, may result in an inaccurate response surface model. In fact, the similar
EGRA method (Section 9.1) may be more suitable for cases in which an appropriate number of training
points is not known beforehand
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Chapter 10

System Reliability Analysis (Fault
Tree Method)

A system reliability problem is one that involves multiple limit states due to multiple components and/or
multiple failure modes. In NESSUS, a system failure is defined using a fault tree, which provides a sys-
tematic way to manage multiple failure modes. A fault tree has three major characteristics; bottom events,
combination gates, and the connectivity between the bottom events and gates. NESSUS is presently limited
to AND and OR gates. The limit state functions are defined in the bottom events. Sequential failures
can be modeled using the PRIORITY AND gate. A sequence of g-functions, corresponding to a sequence
of updated structural configurations with load redistribution can be explicitly or implicitly defined in the
bottom events as illustrated in Figure 10.1.

Through a fault tree, all the failure modes can be defined. A failure mode can involve one or more limit
states. By adding all the failure modes, and therefore all the limit states, the system limit state surface can
be constructed piece by piece.

There are several methods for system reliability calculations. A common approach is based on the
bounding theory [3,4,34], which provides reliability bounds for serial, parallel, and combined systems. These
methods provide approximate solutions.

In NESSUS, system reliability is computed using the adaptive importance sampling method. See Section 8
for details.
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Figure 10.1: Probabilistic Fault Tree Approach for System Reliability Analysis
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Chapter 11

Confidence Interval Estimation

11.1 Introduction

The basic goal of the confidence interval estimation is to quantify the confidence on the uncertainty of the
CDF of Z. There are two major sources of uncertainties: Z-function modeling error and statistical uncertainty.
The Z-function modeling error can be reduced by using a calibration procedure (e.g., using the experimental
data). Another strategy is to introduce an additional random variable in the Z-function to characterize the
uncertainty in the model [3].

The NESSUS code has an option to address the second source of uncertainty — statistical uncertainty.
The approach implemented in NESSUS treats the distribution parameters of the input random variables
as random variables, and then evaluates the conditional CDF. This strategy is the essence of the Bayesian
approach to parameter estimation.

The approach was developed for NESSUS probabilistic finite element analysis and has been implemented
only for linear (GFUNC = 1) and quadratic (GFUNC = 2) Z-functions defined by data sets.

11.2 (General Approach

In general, for each random variable, the Bayesian approach can be used to derive the posterior distribution
of the parameter, 0, given the data and the prior distribution. The CDF of X can be calculated as

P[X <a] = Fy (x|data):/f /jo Fx (z]0) £+ (0| data) df dz (11.1)

where 0 is a set of parameters and fT is the joint posterior distribution of §. The resulting CDF can then
be used for probability analysis. In general, such a distribution would not be in the distribution library.
The above equation can be extended for the CDF of Z. The equation is

fz (Zy | data) = /

Z<Zy

/ fx (x| 0) fT (0| data) df dx (11.2)
where the under bar denotes a vector. This expression can be simplified as

Fz (Zo | data) = E[Fz (Zo | 0)] (11.3)

which means that the CDF of Z is the expected value of the conditional CDF (conditioned on the statistical
parameters). Assuming that the joint posterior distribution can be obtained, the equation can be evaluated,
at least, by the Monte Carlo method. However, in general, the joint posterior distribution is difficult to
evaluate.
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11.3 Definition of Confidence Interval

The analysis, based on Equation 11.2, would result in a CDF. A “confidence interval,” as defined herein, is
based on the percentiles of the conditional CDF. A wider confidence (probability that the conditional CDF
is within the interval) interval indicates more uncertainty in the input statistical parameters. Thus, the
confidence interval is a measure of the uncertainty in the input statistical assumptions.

11.4 Simplified Approach

For practical purposes, a simplified approach is used in NESSUS. Assume that X is a normally distributed
random variable. Given a sample, N, the sample mean, X, is a normal variable with mean and standard
deviation of

fx = p (11.4)
o
Let S be the sample standard deviation. The variable [(n—1)5?]/0? has a chi-square distribution with (N —1)

degree of freedom. If this chi-square distribution is approximated by a lognormal, then the distribution of .S
will be a lognormal. The statistics of S can be approximated as [35]

s =0 (11.6)
7= N (11.7)

The simplified approach assumes that the distribution of each X; is characterized by its mean and
standard deviation which are assumed to be independent random variables. Furthermore, it is assumed that
X is normal and S is lognormal.

The required input data for the confidence interval estimation are the statistics (mean and COV) for both
ug; and S; (¢ = 1,...,n). These input statistics may be estimated by using Equations 11.4-11.7 where the
actual (unknown) mean and standard deviation may be replaced by sample mean and the sample standard
deviation. The resulting coefficient of variation are:

Cs nple
Cean = /sample 11.8
VN (11.8)
1
Cstq = —— 11.9
.= (11.9)

The above statistics are based on samples. In practice, the input statistics may be based on other estimation
methods including engineering judgment.

11.5 Computational Method

The adopted approach combines the Monte Carlo method and the first-order reliability method. The Monte
Carlo method is used to sample the distribution parameters and the first-order reliability method is used to
compute the conditional CDF. The 90% and 95% two-sided bounds are then computed.
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11.6 Application to the NESSUS Analysis

For the NESSUS analysis, the g-function calculations may be time-consuming, an approach based on the
advanced mean-value formulation (see Section 9) is described herein.
In this approach, the Z-function is approximated as

Z(X)=Znuv (X)+ H (Z) (11.10)

where Zpyv is a linear approximation of Z(X) based on the mean-based perturbation and H(Z;) is a
correction function depending on Zpsy .

Given that the above equation is based on the perturbations around the mean values, denoted as m, of the
random parameter u, we will assume that the equation remain reasonably accurate when the y realizations
are away from m. This assumption is reasonable if the standard deviations of y are small such that the
Zyv-function remains reasonably accurate. A rigorous approach would demand a Z,;y function and a
H(Zyrv) evaluations for each different p which would be extremely time-demanding.

The proposed analysis is a two-step procedure. First, the confidence interval analysis is performed for
the Zpry-function through the linear Z-function (GFUNC = 1) analysis. Second, the confidence interval is
adjusted by the H-function. The second step involves the shifting of the solution points. The amount of
shifting for a Z-value is the difference between the Zy; (Mean Value) solution and the AMV solution.
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