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Abstract Hybrid reliability analysis (HRA) with both aleatory and epistemic uncertainties is investigated in
this paper. The aleatory uncertainties are described by random variables, and the epistemic uncertainties are
described by a probability-box (p-box) model. Although tremendous efforts have been devoted to propagating
random or p-box uncertainties, much less attention has been paid to analyzing the hybrid reliability with both
of them. For HRA, optimization-based Interval Monte Carlo Simulation (OIMCS) is available to estimate the
bounds of failure probability, but it requires enormous computational performance. A new method combining
the Kriging model with OIMCS is proposed in this paper. When constructing the Kriging model, we only
locally approximate the performance function in the region where the sign is prone to be wrongly predicted. It
is based on the idea that a surrogate model only exactly predicting the sign of performance function could satisfy
the demand of accuracy for HRA. Then OIMCS can be effectively performed based on the Kriging model.
Three numerical examples and an engineering application are investigated to demonstrate the performance of
the proposed method.

1 Introduction

Uncertainties with respect to loading, material properties, manufacturing imprecision, imperfect knowledge,
etc., are ubiquitous in practical engineering problems. They significantly affect the performance and safety of
a product. Quantification of such uncertainties and the corresponding reliability analysis is an essential task
throughout the life cycle of a product.

Generally speaking, uncertainties can be classified into two distinct types: aleatory ones and epistemic ones
[1,2]. Aleatory uncertainty is also referred to as objective uncertainty, which results from natural variability and
isirreducible. They are usually described by a probabilistic model, and the classical probability theory is widely
utilized to propagate the aleatory uncertainties. Epistemic uncertainty is a subjective and reducible uncertainty
that arises from lack of knowledge or data. Different kinds of theories have been elaborated to tackle epistemic
uncertainties, which include Bayesian approaches [3,4], interval probabilities [5,6], probability boxes (p-box
for short) [7,8], evidence theory [2,9], fuzzy sets [10, 11], info-gap theory [12,13], and so forth.

Classical probability theory requires precise probability distributions of the uncertainties, which may be
impossible for some variables due to limited experimental data. In this case, unwarranted assumptions in
constructing a probabilistic model may result in misleading results [ 14]. Without precise probabilistic models,
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it is suitable to treat the uncertain parameters as epistemic uncertainties. In this article, p-box is adopted to
describe an uncertain variable without precise probabilistic distribution. A p-box is a pair of lower and upper
cumulative distribution functions (CDFs) [7]. In the theory of p-box, the CDF of an uncertain variable is
assumed to be bounded in a p-box. This bounding approach permits analysts to carry out reliability analysis
without requiring overly precise assumptions about the values of distribution parameters or distribution shapes
[15]. Therefore, it has attracted much attention in the field of reliability analysis, and diverse approaches have
been proposed during the past several years.

The task of reliability analysis with uncertainties modeled by p-boxes is to estimate the bounds of failure
probability. Routinely, the Cartesian product method (CPM) [16] was used to fulfill this task. Inspired by
the sampling technique in Refs. [17-19], Zhang et al. proposed an interval Monte Carlo Simulation (IMCS)
method [20], an interval importance sampling method [21] and an interval quasi-MCS method [22]. Jiang et al.
[23] proposed a numerical method based on first-order reliability method. Hurtado [24] developed a brand
new method based on the technique of reliability plot. Other techniques to propagate p-box uncertainties in
structural systems can also be found in Refs. [25,26].

In many engineering applications, a frequently confronted case is that some of the uncertainties can be
quantified with certain probability distributions and others have to be treated as epistemic variables [27,28].
Hybrid reliability analysis (HRA) with both aleatory and epistemic variables has attracted much attention in
such circumstances. In this field, probability theory has been well integrated with the info-gap theory [28,29],
the evidence theory [30,31] and fuzzy sets theory [32]. However, few researchers have considered the condition
with both random variables and p-box variables.

This paper aims to develop an efficient and accurate method for HRA with both random variables and
p-box variables. When both random variables and epistemic variables modeled with p-box model present
in an uncertain structure, IMCS is applicable to analyze the reliability. In IMCS, the extrema of structural
performance function entail to be obtained and interval arithmetic is adopted to fulfill this task. However,
interval arithmetic is not applicable to black-box functions [33]. Optimization strategy is competent to search
the extrema of a black-box function [33,34]. Nevertheless, this entails enormous calls to the true performance
function. For a practical engineering structure whose performance function needs to be obtained by time-
consuming finite element (FE) analysis, optimization-based IMCS (OIMCS) will become impossible for
enormous calls to the FE codes.

So, a surrogate model is introduced to approximate the performance function in this paper. It is figured out
that a surrogate model only exactly predicting the sign of performance function rather than its specific value
can satisfy the requirement of accuracy for HRA. Then, we propose an active learning Kriging (ALK) model
only finely approximating the sign of the performance function. Based on the Kriging model, the extrema of the
performance function are searched by optimization strategy at each simulated sample and OIMCS is effectively
implemented to estimate the bounds of failure probability. The proposed method is called ALK-OIMCS in
this paper. ALK-OIMCS avoids the utilization of interval arithmetic, so it is competent to tackle a problem
with black-box performance function. In addition, the presented method is accurate enough with evaluating
the performance function as few times as possible because of its local approximation.

The rest of this paper is organized as follows. In Sect. 2, the theory of HRA with both random and p-box
variables is described. OIMCS method is presented in Sect. 3 which will be the benchmark of the suggested
method. Section 4 addresses the proposed ALK-OIMCS methodology. Four case studies are presented to
demonstrate the effectiveness of the suggested method in Sect. 5. Conclusions are made in the last section.

2 Hybrid reliability analysis with both random and p-box variables
2.1 Preliminaries of p-box

In the p-box theory, the CDF of an uncertain variable is assumed to be bounded in a pair of lower and upper
CDFs. For an epistemic variable P with a realization p, denote its CDF as Fp(p). Nothing is known about its
CDF except that it satisfies the inequalities as

Fp(p) < Fp(p) < Fp(p). (1)

The lower CDF F p(p) and the upper CDF Fp(p) define a “p-box”. Various ways have been suggested to
construct a p-box, including the Kolmogorov—Smirnov confidence limits, Chebyshev’s inequality, distributions
with interval parameters, and the envelope of competing probabilistic models [8,22]. According to the amount



Hybrid reliability analysis 1343

08 f /
o7t

06

05} Fp (p) /
0al £(p)

Fo(p)

03 f

02F

01

-5 0 5 10 15
p

Fig. 1 p-Box of a normal distributed variable with interval parameters

of available information, analysts may choose among them. This paper focuses on the kind of p-box constructed
by distributions with interval parameters.

Based on the observational data, a confidence interval can be obtained with classical statistical approaches.
Consequentially, the (unknown) distribution parameter of a variable is located within an interval at a specified
level of confidence [22]. Thus, distribution with interval parameters provides a natural way to define a p-box.
Take a normal distributed variable P for example, whose mean value and standard deviation, respectively, are
located in the intervals [4, 6] and [1, 2]. The CDF of P is bounded in a p-box, as shown in Fig. 1.

2.2 Hybrid reliability analysis

When only random variables exist in an uncertain structure, the reliability can be analyzed by traditional Monte
Carlo Simulation method. The performance function is denoted as

GX) =b—-gX), 2)

where b is a suitable threshold, X = [X 1, X2... X, X] is the vector of random variables and g (-) is the structural
response. The failure probability Py is defined by

Pr=P{GX) <0} = // -'-/fx(x)dx, 3)

G(x)<0

where fx(-) is the joint probability density function (PDF) of X, x is a realization of X. Equation (3) can be

rewritten as
pr= [ [ Irwrma

N
- %Z’F [G(X(j)) < 0], )
=1

where x/) is the jth simulated sample of random variables. N is the number of samples. I (-) is the failure
indicator function with the value 1 if - is “true” and the value O if - is “false”.
Generally, the simulated samples are generated with the inverse transform method [35], that is
xD = Fta), j=1,2,...,N, (5)

in which r/) is the jth standard uniform sample.
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Fig. 2 Inverse transform of a p-box variable

When epistemic uncertainties are also present, the performance function is expressed as
GXY)=b-¢XY), (0)

where Y = [Yl, Yo,..., Yny] is the vector of epistemic variables characterized with the p-box model. The
realization of Y is denoted as y. The CDF of p-box variables Fy (-) is not a determinate function, but an interval
function. Then, the simulated samples obtained with the inverse transform method are not determinate random
numbers but intervals, as shown in Fig. 2. Denote ) and y/) as the lower bound and upper bounds of the
jth interval sample, and N

y(j) — £§1 (r(j)) , (7
yo = Fy' (rm). (8)
At the jth simulated sample, x) is a determinate value while y(j ) is an interval. Then, the performance

function at each sample is also an interval, so is the failure probability. The lower bound and upper bound of
the performance function at each simulated sample are, respectively, obtained by

Q(j) — min G (X(j), y) )
yeCj
and
E(j) =max G (x(j), y) , (10)
yECj

where C; is the jth interval space defined by C; = [y(j ), yu )]. The lower and upper bounds of failure

probability are, respectively, given by

N .
ﬁfz%ZIp (¢ <o) (11)
and

N
7= %Z’F (Qm - 0)_ (12)

~.
Il
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3 Optimization-based interval Monte Carlo simulation (OIMCS)

Then, the OIMCS can be employed to estimate the bounds of failure probability through the following four
steps:

1. Generate N samples uniformly distributed between 0 and 1.
Both the random sampling method (RSM) and low-discrepancy sampling method (LSM) are available to
generate these samples. Considering that the samples in LSM are more uniformly distributed than the ones
in RSM [22,36], LSM is adopted and the Hammersley sequence [37] is utilized in this paper.

2. Obtain the simulated samples transformed from the uniform samples with Egs. (5), (7) and (8).

3. For the jth simulated sample, compute the extrema of G (x, y) with Egs. (9) and (10).
The optimization method, sampling method, vertex method and interval arithmetic are available to obtain
the extrema [11]. The optimization method does not greatly suffer the curse of dimensionality and is
not restricted by the non-monotony or the implicitness of the performance function [11]. Therefore, the
optimization method is employed. To find the global optimal solution, a global optimization technique is
required and the DIRECT algorithm [38] is adopted in this paper.

4. Obtain the signs of extrema and compute the bounds of failure probability with Egs. (11) and (12).

4 ALK-OIMCS
4.1 Basic idea

OIMCS is a nested procedure with sampling and optimization which entails enormous calls to the true perfor-
mance function. For a practical engineering problem, the performance function usually needs to be computed
with time-consuming FE analysis or computational fluid dynamics. Then, it will be very tricky to obtain the
bounds of failure probability with OIMCS. So, it is feasible to introduce a Kriging model to approximate the
performance function and then compute P ¢ and P ; with OIMCS based on the Kriging model.

ALK-OIMCS is aimed at rightly predicting the sign of G(x, y) rather than its specific value. That is, the
Kriging model does not approximate G (X, y) throughout the uncertain space, but only in the region of interest.
So, we can carry out HRA with calling the performance function as few times as possible. The main idea of
ALK-OIMCS is that a Kriging model only able to rightly predict the sign of G(x,y) can meet the accuracy
required for HRA. The following is the reason:

Property 1 If a Kriging model G (x,y) can rightly predict the sign of G (X,y), then the sign of minyec;
G (x(j), y) is the same as that of minyec; G (x(j), y).

Proof Denote §] = arg minycc, (é (x7, y)) and y; = argminyec; (G (x1),y)), ie., G (x1), 3%) and
G (x, y}) are the minimum of G (x,y) and that of G (x, y), respectively. Note that §% is not necessarily
equal to y7, because G (x, y) only can exactly predict the sign o:f G (?(, y) rather than its true value. Therefore,
it is hard to directly say that G (x/), y) has the same sign as G (x\/, §7).

If G( m,yl) > 0, then é(x(j),yf) > 0 because G(x(j),y’f) > G(x(f) §%) > 0. And then
G (X(f:),y’f) > 0 because G (x,y) can rightly predict the sign of G (x,y) at the point (x4, yy). If
G (x), &T) < 0, then G (x'), §%) < 0 because G.(x, y) can righ.tly predict the sign of G (x,y) at the
point (X(]), yl). Then, G (X(]), ¥;) < 0 because G (X(]), y’f) <G (X(J), §%) < 0. Thus, Property 1 is proved.

Property 2 If a Kriging model G (x,y) can rightly predict the sign of G (X,y), then the sign of maxyec;, G
(x\),y) is the same as that of maxyec, G (x),y).

Proof Denote §5 = arg maxyecjé (x4).y) and y5 = argmaxyec,G (x'/),y), namely G (x,§3) and
G (x,y3%) are the maximum of G (x,y) and that of G (x, ), respectively. And also note that §5 is not
equal to y} for sure. If G (x), §5) > 0, then G (x), §5) > 0 because G (x, y) can rightly predict the sign
of G (x, y) at the point (X(J), y2) And then G (xY),y3) > 0 because G (x),y3) > G (x¥),§3) > 0. If
G( (), §3) < 0, then G (x,y%) < G (x(,§5) < 0. And then G (x/), %) < 0 because G (x,y) can
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rightly predict the sign of G (x, y) at the point (x\/, y3). That is the sign of maxyec; G (x1),y) is the same
as that of maxyec; G (X(j ), y). Property 2 is proved.

From Properties 1 and 2, it is known that extrema of G (X, y) have the same signs with those of G x,y)
at each simulated sample as long as G (x, y) can rightly predict the sign of G (x,y). Obtaining the signs of
extrema of G (x,y), the signs of extrema of G (x,y) will be obtained at each simulated sample. Therefore,
rightly predicting the sign of performance function can satisfy the demand of accuracy for HRA.

It should be noted that several works have realized that rightly predicting the sign of performance function
can satisfy the demand of accuracy in probability reliability analysis (PRA) [39-41]. However, people cannot
take it for granted that this claim holds true in HRA. That is because only rightly predicting the sign cannot
assure rightly predicting the optimal solutions of extrema and cannot assure rightly predicting the sign of
extrema. Through Properties 1 and 2, we have proved this claim holds true for HRA.

Then, we will focus on how to construct an ALK model to rightly predicting the sign of performance
function in HRA. It should be noted that several strategies have been proposed to improve the prediction for
the sign of performance function based on Kriging model [39-44]. However, to our best knowledge, all of them
are proposed for PRA. In this paper, we propose an ALK model to predict the sign of performance function
with both random and p-box variables. ALK-OIMCS is proposed for HRA while others were proposed for
PRA. Therefore, the detailed comparison with other strategies is beyond our scope.

The general procedure to build an ALK model is outlined as follows [39,45,46]:

(1) Construct an initial Kriging model with a small number of training points.

(2) Identify the point which maximizes a learning function. The learning function is a function to find a point
that probably locates in some region of interest. If the value of learning function at this point satisfies some
prescribed tolerance, stop.

(3) Evaluate the objective function at this point and add it into the set of training points. Build a new Kriging
model and return to Step (2).

During that procedure, a learning function plays the leading role for an ALK model. It determines which
point should be added into the set of training points and when the iterative process should be stopped. In the
study [47], elaborated a brand new learning function called expected risk function (ERF) [47]. Based on ERF,
ALK-OIMCS is constructed.

4.2 Remainder of Kriging model

For simplicity, we use the vector u to replace (x, y), then the performance function becomes G (u). Kriging
models G (u) by

Gw) = F(u, ) + z(w), 13)

where F'(u, B) is the polynomial regression part and f is the vector of regression coefficients. In this paper,

ordinary Kriging modelling [48] is adopted which means that F(u, ) is a constant and F (u, B) = 8*. z(u) is

a Gaussian random process whose mean and covariance are defined as
E[z(w)] =0 (14)
cov [z(a), z(b)] = 0?9(9, 2, b)

in which a and b are two arbitrary points, o> is the process variance, 0(-) is a correlation function with
parameter 0.

Several models are available to define the correlation function. The Gaussian correlation function is selected,
which is defined as

% (0,a,b) = exp {— > 6iai — bi)2:| , (15)
i=1

where a;, b; and 6; are the ith coordinates of a, b and 9, respectively.
The Kriging model entails a DoE to define its stochastic parameters. Then predictions can be done

at unknown points. Given a DoE: [u(l),u(z),..., u(’”)]T with u) the ith training point, and G =
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[GaD), Gu®),..., G(u(’"))]T with G (u®) the ith function value, the predicted value G(u) and pre-
dicted variance s2(u) for G (u) are, respectively, given by

G =p*+rw R (G - 157 (16)
and 5
B (1-1"R'r(w))
s2(n) = o [1 —rT @R 'ru) + TR (17)
In Eq. (16),
B = (1T1r11)_1 1"R7'G, (18)
r(u) = [m(e, w,u®), %@, u,u?), ... RO u, u<m>)]T . (19)
In Egs. (16-17), R is an m x m matrix with
Rij =9 (e, u®, u</>) . (20)
In Eq. (17),
o2 = % (G-p*1)" R (G —18%). @1)

The parameter @ in Eq. (20) should be determined through maximum likelihood estimation. Thus, the
unconstrained optimization problem needs to be worked out as follows:

* __ : L 9
0" = argming (|R|m o7 . (22)

The ALK models in Refs. [40,49] are all performed in the MATLAB toolbox DACE [50]. In DACE, a
pattern search method is utilized to find §* in Eq. (22). However, this method is prone to become trapped in
local minima [51]. As explained in Ref. [52], 6 has the greatest influence on the Kriging model. Only the
Kriging model with the globally optimal parameter §* can provide the best predictions in Egs. (16) and (17).
Therefore, the optimization in Eq. (22) is solved by global optimization strategy, and the algorithm adopted is
the DIRECT algorithm [38] in this paper.

4.3 EIF for EGO

ERF [47] is proposed inspired by the so-called expected improvement function (EIF) which was elaborated to
find the global minimum in global optimization [46,47]. Therefore, EIF is simply introduced in this subsection.
EIF was proposed based on the idea that how to recognize the point whose function value has the largest
improvement than the current optimum. To do so, an indicator to measure the improvement at an arbitrary
point u was defined by

[ (n) = max (Gmin — G(w), 0), (23)

where G iy is the minimum response among the current DoE. Realizing that G (u) ~ N (G (), s (u)) [45,46],
the indicator I (u) is averaged in the real domain and the expectation of 7 (u) is obtained as

E[I(w)] = E [max (Gmin — G(w), 0)]

Gmin N
- / (Gin — G(W) ¢(M)dc
s(u)
— (Gmin _ é(u)) d (M) + s(u)p (M), (24)
s(u) s(u)

where ®(-) is the standard normal CDF and ¢ (-) is the standard normal PDF. Equation (24) is named as EIF
in [46].
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4.4 ALK-OIMCS
4.4.1 Expected risk function

EIF [46] was proposed for searching the minimum of the objective function in global optimization. But in
HRA, we have a different purpose. Our goal is to construct a Kriging model rightly predicting the sign of
G (u). To fulfill this task, it is required to indentify the point at which the sign of objective function has the
largest risk of being wrongly predicted. Add this point to the DoE, and then the prediction for the sign of G (u)
will be improved. Based on this natural idea, we elaborated ERF in the study [47].

At an unknown point u, the Kriging model provides a predicted value é(u) for G (u). However, é(u) is
not the exact value, and there exists some uncertainty for this prediction. Hereby, some risk occurs that the
prediction for the sign of G (u) is wrong.

Consider the case that the Kriging model gives a negative sign, i.e., Gu) < 0. Although G(u) < 0,
there still exists some risk that G (u) is positive, i.e., G(u) > 0, because G(u) is uncertain and G(u) ~

N (G(u), s(u)). We define an indicator to measure such risk as
R() = max[(G(u) —0),0]. (25)
R(u) indicates how much G (u) is larger than zero if G(u) < 0 or how severely the true sign of G (u) violates

that of the prediction. Obviously, as depicted in Fig. 3a, the larger R(u) is, the easier the sign of G (u) is to be
wrongly predicted. Similarly as EIF, we average R(u) over the real space, and the expectation of R(u) in the

case é(u) < 0 is derived as
E[R()] :s(u)¢(@)+é(u)¢((}(“)). (26)

s(w) s(u)

Similarly, as shown in Fig. 3b, we define the risk for the case G(u) > 0 as
R(u) = max [(0 — G(u)), 0] . (27)

And the expectation of R(u) in the case é(u) > 0 is derived as

E[R(u)] = —é(u)cp(—@)ﬂ(um(c(“)). (28)
s(u) s(u)
Egs. (26) and (28) can be written into a uniform equation as
. . .~ G G
E[R@)] = —sign (G(u)) G (u)® (—sign (G(u)) %) +s(we (%;’))) (29)
where sign(-) is the sign function.
@ e (b) P
J \ *R,(u;‘—> '
/ +R(u5> / \
%@(u) 0 — Gau) 7)4 0 G(u) G(u)

Fig. 3 Risk of the sign wrongly predicted by a Kriging model: (a) case of negative prediction; (b) case of positive prediction
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Equation (29) is named EREF in this paper. ERF measures the extent of risk that a Kriging model wrongly
predicts the sign of objective function at a point. The point with maximum ERF indicates the sign of objective
function at this point has the largest risk to be wrongly predicted. So, it should be added to the DoE in
ALK-OIMCS.

4.4.2 Procedure of ALK-OIMCS

(1) Generate a large amount of samples as candidate points.

(a) The performance function is evaluated at none of the points at this stage. These points are all treated
as candidate points, and the added training points will be picked out among them.

(b) The set of candidate points is denoted as ®. For random variables, samples are generated by virtue
of LSM according to the probabilistic distributions of the random variables. For p-box variables, the
approximating space should envelop all the interval samples obtained in Sect. 3. Latin hypercube
sampling (LHS) is employed to generate samples uniformly spanning the space, and the lower and
upper bounds are chosen as C = minj.v: | X(j )and C = maxj.vzly(j ), respectively.

(c) The number of candidate points should be large enough to fill every part of the uncertain space. We
choose 107 in this paper.

(2) Define the initial DoE and build the initial Kriging model.

(a) The number of the initial training points is preferred to be defined small. Considering the experience
stated in Ref. [40], we make the number as 12 in this paper.

(b) LHS is used to generate the samples and thus they can uniformly distribute in the uncertain space. For
random variables, the bounds are chosen as Fy ! [® (£5)]. For p-box variables, the bounds are chosen
the same as in Stage (1).

(c) Compute the performance function at all of the points and build a Kriging model with the initial DoE.

(3) Identify the next point to be added into the DoE.
The point among ® which maximizes ERF is chosen as the next point and denote it as (X(*), y(*)).

(4) Stopping condition.
If the maximum ERF is small enough, the Kriging model has been accurate enough to approximate
the sign of performance function. Go to Stage (6). Inspecting Eq. (29), it can be seen that ERF is a
dimensional function depending on the value of performance function. This could impact the conver-
gence of iteration for different performance functions. To decrease this influence, ERF is scaled by the
maximum absolute value of performance function in the initial DoE. Thus, the stopping condition is
E[R(x*,y™)] /maxilil |G (xO, yD)| < 1075,

(5) Update the DoE and the Kriging model.
If the stopping condition is not satisfied in Stage (4), evaluate the performance function at (x(*), y(*)).
Add this point into the DoE and build a new Kriging model. Go to Stage (3).

(6) This surrogate model is accurate enough to predict the sign of performance function. Carry out OIMCS
based on the Kriging model and obtain both the lower and upper bounds of failure probability.

5 Numerical examples and discussion
5.1 A mathematical problem

A numerical problem from Ref. [39] is considered. The performance function is defined as
x—1)(y* +4 5
Gixy =2~ DU (%) , (30)
where x is a normal variable and y is a p-box variable. Details about them are listed in Table 1. The performance

function is highly nonlinear and multimodal with respect to the p-box variable.

Table 1 Uncertain variables of the mathematical problem

Variables Distribution type Mean Standard deviation

X Normal 2.5 1
y Normal [1.4,1.6] [0.9, 1.1]
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Fig. 4 DoE obtained with ALK-OIMCS for the mathematical problem

Table 2 Results of the mathematical problem using different methods

Method P f P £ Function calls Error (upper bound/lower bound)
OIMCS 0.05330 0.01399 2 x 100 x 10° -
ALK-OIMCS 0.05329 0.01400 44 0.020/0.07 %

ALK-OIMCS is utilized to calculate the bounds of failure probability for this problem. Firstly, a Kriging
model should be built to exactly predict the sign of G (X, y). A total of 12 training points are utilized to construct
an initial Kriging model and then the iterative process starts. After 32 iterations, the stopping condition is
satisfied. A total of 32 training points are added into the initial DoE, and the Kriging model is updated for
32 times. The DoE obtained is shown in Fig. 4. It can be seen that a large amount of the added points
concentrates on the vicinity of G (x,y) = 0. That indicates that ALK-OIMCS only locally approximates the
performance function in the interesting region rather than in the whole space. To approximate this highly
nonlinear performance function, only 44 function calls are needed. That shows the efficiency of the proposed
method.

After the Kriging model is created, OIMCS can be implemented based on the Kriging model. N = 103
simulated samples are sampled with LSM, and the extrema of G (x,y) are repeatedly searched at every
sample. The results are shown in Table 2. To verify the results of proposed method, OIMCS based on the true
performance function are also carried out with the same simulated samples. It can be seen from Table 2 that
for this highly nonlinear problem, ALK-OIMCS provides pretty accurate results with less than 1 % errors.

5.2 A 10-bar truss

A 10-bar truss [53] shown in Fig. 5 is considered in this section. The Young’s Modulus is 10°> MPa. The truss
structure is subjected to a vertical load F| at node 4, a vertical load F> and a horizontal load F3 at node 2.
The cross-sectional area of the bars 1-4, that of the bars 5-6, and that of the rest ones equal to A1, As, A3,
respectively. The vertical deflection at node 2 should be less than 9.5 mm, so the performance function is
constructed as

G (x,y) =9.5— A, (31

where A is the vertical defection of node 2, which is obtained by FE codes programmed in Matlab. In this
problem, A1, Az, A3 and Fi, F;, F3 are treated as uncertain variables. Details are shown in Table 3.

Results of this problem obtained by OIMCS and ALK-OIMCS are listed in Table 4. It is seen that the
proposed method performs very well no matter in efficiency or accuracy. It obtains very accurate bounds of
failure probability with only 50 function calls. The DoE obtained by ALK-OIMCS is illustrated in Fig. 6. It can
be seen that a large portion of training points falls in the vicinity of G (x, y) = 0. Therefore, ALK-OIMCS only
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Fig. 5 A 10-bar truss

Table 3 Uncertain variables of the 10-bar truss

Variables Distribution type Mean Standard deviation
Ay /mm? Normal 1,000 50

As/mm? Normal 1,000 50

As/mm? Normal 1,000 50

F; /KN Normal [79.5, 80.5] [1.9,2.1]

F>/kN Normal [79.5, 80.5] [1.9,2.1]

F3/kN Normal [9.9,10.1] [0.49,0.51]

Table 4 Results of thel0-bar truss using different methods

Method P I Py Function calls Error (upper bound/lower bound)
OIMCS 0.01124 0.00388 2 x 400 x 10° -
ALK-OIMCS 0.01119 0.00387 50 0.44/0.26 %
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Fig. 6 DoE obtained with ALK-OIMCS for thel0-bar truss

locally approximates G (x, y) rather than throughout the uncertain space. Moreover, when the single Kriging
model is constructed, it can be used to estimate both bounds of failure probability. That is why ALK-OIMCS

can be so efficient.
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Fig. 7 A cantilever tube [30]
Table 5 Uncertain variables of the cantilever tube
Variables Distribution type Parameterl Parameter2
t/mm Normal 5 0.1
d/mm Normal 42 0.5
Ly /mm Uniform 59.75 60.25
F1/N Gumbel 3,000 300
F>/N Gumbel 3,000 300
P/N Normal 12,000 1,200
T/Nm Normal 90 9
Ly/mm Normal [119, 121] [0.04, 0.06]
01/° Normal [4.9,5.1] [0.85,0.95]
0/° Normal [9.9, 10.1] [0.95, 1.05]

For normal distribution, parameter 1 and 2 are the mean and standard deviation, respectively; for uniform distribution,
parameter 1 and 2 refer to the lower and upper bounds, respectively; for the Gumbel distribution, parameter 1 and 2 are the
location parameter and scale parameter, respectively

5.3 A cantilever tube

The third example is a cantilever tube from Ref. [30]. As shown in Fig. 7, three external forces Fi, F>, P
and a torsion 7T are exerted on the tube. The maximum Von Mises stress omax in the tube should be less than
180 MPa, so the performance function is created as

G (x,y) = 180 — omax, (32)

Omax = /02 + 372 (33)

The normal stress o, and torsional stress t,, are, respectively, calculated by

P + Fisin(6y) + F> sin(6) n Md
A 21

Td (35)

Ty = —,

Y

where oy, can be computed by

, (34)

Oy =

and we have
M = F1Lqcos(01) + FrL> cos(6r),

A=Z[d? — (d —21)%, (36)
I =Zd*— (d—21)".
Random and p-box variables of the cantilever tube are given in Table 5. Note that the performance function is
not monotonic in terms of 81 and 6, as shown in Ref. [30].
The bounds of failure probability for this problem are estimated in ALK-OIMCS. The DoE obtained is
illustrated in Fig. 8. It is shown that the main part of training points focus on the neighborhood of G (x, y) = 0.
ALK-OIMCS obtains the results with calling the performance function only 59 times. To verify the results,
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Fig. 8 DoE obtained with ALK-OIMCS for the cantilever tube

Table 6 Results of the cantilever tube using different methods

Method P f P Function calls Error (upper bound/lower bound)
OIMCS 0.00550 0.00417 2 % 400 x 107 -
ALK-OIMCS 0.00553 0.00412 59 0.55/1.2 %

Upper
Skin

Ribl Lower Skin

Connector

Fixed End

Fig. 9 A missile wing structure

OIMCS is implemented based on the true performance function. N = 10° samples are used, and 800 function
calls are needed to obtain the lower and upper bounds of the performance function by the DIRECT algorithm
at each simulated sample. In total, 8 x 107 function evaluations are entailed with OIMCS. Results of this
problem with those two methods are listed in Table 6. For this complicated problem, ALK-OIMCS obtains
the results with very little errors. That shows the high efficiency and accuracy of the proposed method.

5.4 A missile wing structure

A missile wing structure is studied in this section. As shown in Fig. 9, the missile wing structure is mainly
made up of the upper and lower skins, five wing ribs and four wing spars. It is fixed on a connector which is on
the missile body. Note that in Fig. 9 the upper skin is partially hidden to illustrate the inner details of the wing.



1354 X. Yang et al.

Table 7 Uncertain variables of the missile wing structure

Variables Distribution type Mean Standard deviation
t1/mm Normal 2 0.1

t>/mm Normal 2 0.1

t3/mm Normal 2 0.1

t4/mm Normal 2 0.1

t5/mm Normal 2 0.1

t/mm Normal 2 0.1

t7/mm Normal 2 0.1

tg/mm Normal 2 0.1

o /mm Normal 2 0.1

§1/mm Normal 1 0.05

s7/mm Normal 1 0.05

E|/GPa Normal [69.75, 70.25] [0.14, 0.16]
E>/GPa Normal [117.5,117.7] [0.14, 0.16]
P/MPa Normal [0.149, 0.151] [0.0005, 0.0007]

Fig. 10 FE model of the missile wing structure

The skins are all made of some kind of material with the Young’s modulus Ej, the density 2.0 x 10° kg/m?
and the Poisson’s ratio 0.3. The spars and ribs are all made of titanium alloy with the Young’s modulus E>,
the density 4.5 x 10° kg/m® and the Poisson’s ratio 0.3. A uniform air pressure P is applied on the upper skin

during flight. The thicknesses of wing spars and ribs are denoted as #; (i = 1, ..., 9). The thicknesses of the
skins are represented by s1 and s;.
In this problem, E1, E3, s1, 52, P and #; (i = 1,...,9) are assumed to be uncertain variables. Details of

them are given in Table 7. To guarantee the accuracy of missile flight path, the deformation of the wing should
not exceed an allowable value. Thus, the performance function is created as

G(X,Y)de—d(X’Y)» (37)

where d,, is the allowable value of the vertical deformation which is set to be 8.8 mm, d is the vertical
deformation of the wing which entails to be calculated by FE analysis, the vector x and y, respectively, denote
all the random variables and all the p-box variables.

The FE model, as shown in Fig. 10, is created in MSC.Patran software. The spars, ribs and skins are meshed
into 4,063 shell elements, and the connector is meshed into 840 solid elements. The connection between the
shell elements and solid elements is simulated with 80 MPC elements. Partial solid elements are constrained
by six freedom degrees and a uniform pressure is applied on the upper skin. The vertical deformation of the
missile wing structure is calculated with MSC.Nastran software.

The engineering problem is solved with the proposed method. The interval of failure probability obtained
is [0.00255, 0.05656]. For this complex engineering problem, ALK-OIMCS obtains this result with calling
MSC.Nastran only 116 times. The DoE obtained with ALK-OIMCS is shown in Fig. 11. Again it is observed
that the proposed method only finely approximates the performance function in the region of interest. In
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Fig. 11 DoE obtained with ALK-OIMCS of the missile wing structure

addition, both the lower and upper bounds of failure probability can be estimated by the single Kriging model.
That is why the proposed method can be so efficient. From this case study, it is demonstrated that ALK-OIMCS
is applicable to coping with many complicated engineering problems with implicit performance functions.

6 Conclusion

In this paper, we propose a method based on active learning Kriging model to deal with HRA with both
random and p-box variables. First of all, it is figured out that a Kriging model able to exactly predict the
sign of performance function can satisfy the demand of accuracy. Then, the method named ALK-OIMCS is
proposed based on that idea. When constructing the Kriging model, the proposed method only approximates
the performance function with random and p-box variables in the region where the sign tends to be wrongly
predicted. Then, OIMCS can be effectively performed to calculate both the lower and upper bounds of failure
probability based on this Kriging model.

Three numerical examples are examined with the proposed method. It is demonstrated that the proposed
method behaves very well no matter in efficiency or accuracy. ALK-OIMCS could obtain very precise results
with calling the performance function as few times as possible. The high accuracy of ALK-OIMCS in return
validates our main claim that a Kriging model just able to exactly predict the sign of performance function
can meet the demand of accuracy for HRA. From the last engineering problem, it is shown that ALK-OIMCS
is a very efficient technique that is competent to deal with many complex engineering problems with implicit
performance functions.
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