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Abstract

This paper deals with the issue on metamodelling (a.k.a. surrogate modelling) of nonlinear stochastic
dynamical systems, which are often with multiple input uncertainties ® € R™, viz., the dimension n may
range from low to high (e.g., n > 10). In this paper, to circumvent the problem of “curse of dimensionality”
of high-dimensional input uncertainties, the feature spaces of outputs and inputs are firstly extracted from
the original output and input spaces, and thus a feature mapping strategy is proposed. To form the
feature output space, the nonlinear autoregressive with exogenous inputs (NARX) and the proper orthogonal
decomposition (POD) are adopted, while the feature input space is detected by the active subspace method
(ASM). It is found that the dimension of feature input (output) space may be much less than the one
of original input (output) space, thus the applicability of many metamodelling methods can be naturally
enhanced. On the constructed input-output feature space, the procedure of metamodelling is completed
by the polynomial chaos expansion (PCE) combined with Kriging, which can capture global behaviours as
well as local characteristics of the computational model. Two techniques are introduced to accelerate the
proposed feature mapping strategy, consisting of the GF-discrepancy minimization algorithm for the design
of experiments (DoEs), and the manifold optimization technique for the parameter identification of ASM.
Four benchmarks, including a mathematical function (n = 2), a dynamical quarter car model (n = 10), a
Bouc-Wen nonlinear oscillator subjected to earthquake ground motions (n = 30), and the first sub-system
(as a black box) of the NASA UQ Challenge 2019 (n = 100), are studied to demonstrate the accuracy and
efficiency of the proposed method. Some problems to be further studied are also outlined.
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1. Introduction

Modern structural analysis has been rapidly developed with the aid of advanced computers, and the
numerical computation is gradually becoming one of the most critical parts of structural analysis and design
[1]. Simultaneously, the cost of computation on dealing with large and complex structures, e.g., state-of-
the-art finite element models, is increasing as well. In particular, when facing with issues involved with
high-dimensional input uncertainties!, the model evaluation may cost hours to days, which is prohibitively
time-consuming for engineering practice. Instead, the utilization of metamodels (a.k.a. surrogate models)
that only takes seconds or minutes, has shown advantages on handling with real engineering problems, such
as reliability assessment [2, 3|, sensitivity analysis [4] and structural optimization [5], etc.

During the past decades, a variety of metamodelling methods have been developed, such as response
surface method (RSM) [6, 7], Kriging [3, 8, 9], polynomial chaos expansion (PCE) [10, 11, 12], support vector
machine (SVM) [13] and artificial neutral network (ANN) [14, 15, 16], etc. In particular, the metamodel has
become one of the powerful tools for analysis in the field of uncertainty quantification (UQ) that increasingly
attracts much attention of researchers and engineering pioneers [17]. A comprehensive literature review of
widely used metamodels can be found in [18], which provides a practical guidance on selecting different
metamodels by an integrated measure of computational time, model accuracy and problem size. Besides,
comparative studies of metamodels including RSM, Kriging, PCE and SVM for reliability analysis and
reliability-based design optimization (RBDO) are well discussed in [19] and [5], and state-of-the-art literature
reviews of Kriging and PCE with fruitful numerical illustrations are available in [20] and [21], respectively.

Most metamodels have been verified to be accurate and efficient for predicting model evaluations with
relatively low-dimensional inputs to low-dimensional outputs. However, it has been recognized that for
the case of high-dimensionality, most metamodels are haunted by the issue of “curse of dimensionality”
[22], which makes the construction of a reliable metamodel become distinctly costly. Moreover, under the
high-dimensional circumstance, there may be ancillary model errors due to the redundant complexity of
metamodels [23].

To this end, it is natural to ensure and improve the applicability of metamodels by adopting dimension
reduction approaches, such as high dimensional model representation (HDMR) [24], sensitivity analysis (SA)
[25], principal component analysis (PCA) [26] and sparse PCE [27], etc., which are generally suitable for
static systems. The HDMR decomposes the original model of high-dimensional inputs into a summation
of a series of independent models involved with single or interacted inputs, and it has been known that
usually only few interactions of higher-orders are critical thus a truncation can be done [28]. The same

thought appears in the SA, where it states that the model outputs may be mainly dependent on several

n this paper, the input uncertainties are to refer in particular to the random variables (RVs) of the system input. Besides,

without confusion, the “high-dimensional input uncertainties” is defined by that if the number of RVs is more than 10.
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dominant input variables [29]. Similarly, the sparse PCE decreases the number of PC terms by removing
non-significant coefficients. From the perspective of the PCA it reveals that there may exist some influential
directions or feature planes in high-dimensional dataset. Based on the above heuristic ideas, the active
subspace method (ASM) [30] firstly generates the covariance matrix of gradients of quantity of interest
(Qol), and then detects the active subspace whose dimension may be far less than that of the original input
space. Towards the dimension reduction of dynamical systems, there are typical methods based on nonlinear
autoregressive with exogenous inputs (NARX) [31], proper orthogonal decomposition (POD) [32] and others
[33]. In general, NARX can be flexibly enhanced by well understanding the physical mechanisms of the
studied systems [33], while POD is much more universal since it only relies on the quantity and quality of
the given dataset.

To the best of the authors’ knowledge, in spite of copious amounts of dimension reduction methods
and metamodels that have been developed, there is no much attention on metamodelling strategies based
on the framework of feature mappings between the dimension-reduced input space and the dimension-
reduced output space, especially for the issue on metamodelling of high-dimensional and nonlinear stochastic
dynamical systems. On this basis, by taking advantages of NARX, POD and ASM, a feature mapping
strategy for metamodelling is proposed in the present paper. The NARX and POD methods are employed
to represent the feature output space that extracted from the high-dimensional dynamical responses of
interest, while the ASM is adopted to build the feature input space that detected from the high-dimensional
input variables. Furthermore, to reduce metamodelling errors, the PC-Kriging metamodel [34] is adopted
and constructed with the aid of the GF-discrepancy minimization technique [35] and the Grassmann manifold
optimization algorithm [36].

The remainder of the present paper is organized as follows. In Section 2, the NARX, POD and ASM
are primarily summarized. Whereafter, the proposed feature mapping strategy is elaborated in Section 3.
The numerical scheme consisting of the GF-discrepancy minimization technique, the manifold optimization
algorithm and the PC-Kriging metamodel will be introduced in this section as well. In Section 4, four
numerical examples are studied to demonstrate the accuracy and efficiency of the proposed method in

detail. Conclusions and some other aspects to be further studied are summarized in Section 5.

2. Dimension reduction methods

In this section, the basic ideas of three dimension reduction methods, i.e., the nonlinear autoregressive
with exogenous input (NARX) model, the proper orthogonal decomposition (POD) and the active subspace
method (ASM) will be briefly outlined. These methods will be the bricks of the proposed approach.

Without loss of generality, consider a stochastic dynamical system in the form of state space:

X =G (X,0,1), X(t) = zo (1)
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where G (-) stands for a linear or nonlinear state mapping, X = (X, Xo,--- , X,) " denotes an s-dimensional
state vector and its velocity is defined by X = 90X /Ot. The input n-dimensional random vector is denoted
by ©® = (01,0,,---,0,)" with a known joint probability density function (PDF) pg(@). In general, ©
is a combined vector of @ and g, where O results from the decomposition of the stochastic excitation
&(t), e.g., by Karhunen—Loéve decomposition [37], while ®g represents the randomness of basic mechanical
parameters of the system.

For most well-posed engineering problems, the solution of Eq. (1) exists and uniquely depends on the
initial conditions &y and input parameters 6 (a realization of @). In this sense, the Qol as a component of
solution of Eq. (1) can be rewritten by

X(t) =G (£0) (2)

where the stochastic process £ is a function of @g that omitted in the formula for the sake of simplicity,
and here s = 1 is considered for reasons of simplicity as well. Obviously, Eq. (2) is a stochastic parametric
system and the Qol X () is a stochastic process.

In the numerical implementation, the solution of Eq. (2) is usually limited to a concerned time interval
[0,77, and thus for each determined realization 6 the solution z(t) is numerically discretized into N; time
steps by the index t = 1,2, -+, N; with respect to (w.r.t.) the real time duration 0, At, 2A¢,--- | (N;—1)At =

T. Therefore, the discretized x(t) can be regarded as an Ni-dimensional vector &, such that

z(t):=x=G(&0), 0 cR" s x c RV (3)

where £ is an N;-dimensional vector w.r.t. the stochastic process £(t) as well.

2.1. Nonlinear autoregressive with exogenous input (NARX)

The NARX model provides an approach to reconstruct Eq. (3) at specific time instants as the linear
combinations of n, linear or nonlinear functions of its past values and values of past and current instants of

the exogenous input [31]:
g
w(t) = Y Vigi(y(h) +€(t), t=1,2,- | N, (4)
i=1

where the i-th NARX term g;(-) is a linear or nonlinear function of

y(t) S{z(t = 1), x(t = 2),- -, w(t —ne), §(@), &t = 1), -+, §(t —ne)} ()

and 9; is the corresponding i-th NARX coefficient, n, and ng are time lags of the processes z(t) and £(¢)
respectively, and €(t) is the residual error.

The time lags n, and ng, as well as the specific forms of functions g;(-) for ¢ = 1,2,--- ,ng, are all
prescribed. When the physical mechanisms of the system are well-known, it is relatively easy to determine
these undetermined parameters and forms of functions. However, for most cases, the studied system is
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considered to be a “black box”. To this end, a model selection strategy is of need, and as suggested in [33]

it mainly consists of 2 steps:

Step 1. Generate N, “candidate” NARX terms. For instance, the constant, the polynomial types wle(t —
ng)€%(t — ng), or the trigonometric types sin'e (z(t — n,))cos’ (£(t — ne)), ete., for n, = 1,2,---,
ne =0,1,--- and l,le = 0,1, --. Although it is still somehow subjective to determine these candidate
terms, each term can be regarded as a sub-model that represents a partial property of the dynamical
responses. In this sense, it provides a potential development of the method by introducing more

physical mechanisms.

Step 2. Select most relevant NARX terms (1 < n, < N;) under a given tolerance €1, €.g., 107° ~ 107°%. In

this paper, the least angle regression (LARS) algorithm [38] is employed as suggested in [33].

From Egs. (4) and (5), it notes that z(¢) and y(t) are stochastic processes w.r.t. the random vector
©. Suppose we have N samples {61,605, - ,0x} ~ pe (@) with corresponding solutions xy = G(&g, 0%) for
k=1,2,--- ,N. For the k-th sample, denote ¢r(t) = [g1(y(t): 6, g2(y(t); ), - + gm, (y(1); 6,)] T € R as

the NARX term vector at the time instant ¢, and define the information matrix ®; by
oe(1)"
B, — : € RNxms (6)
Gr(Ne) T

Then Eq. (4) can be rewritten in a matrix form as
=P +e, k=1,2,--- N (7)

where 9, = [91(0k), 92(0k), - ,Un,(0k)]" € R™ is the NARX coefficient vector of the k-th sample, and
€, € RVt is the k-th residual error. Then the NARX coefficient vector can be solved by minimizing the

mean-squared error of €; in Eq. (7), which leads to the ordinary least squares (OLS) solution:
¥}, = arg min (egek) = (<I>,1—<I>k)_1 &/ xp, k=1,2,--- N (8)
9

It should be emphasized that for different samples it may adaptively select different NARX terms, and
possibly the number of NARX terms n, may also be different. This is exactly why stochastic systems greatly
differ from deterministic systems. In this sense, an optional strategy is to pick some most “influential”
samples whose absolute maximum response exceeds a given large value [33]. Specifically, this large number
denoted by zy, can be determined as the threshold in the reliability analysis. Then the problem of model
selection in Eq. (8) can be redefined by

¥}, = arg min (ezek) = (<I’kT<I>k)_1 ®lxy, k=12, K 9)
9
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which satisfies that max|xy| > 2;m and K < N. Moreover, the relative error of prediction of the k-th

NARX model on the j-th sample can be defined by

(a:j — i(,k)>—r (a:j — :E(-k))
6('}{:)_ ’ ’ aj:1a2a"'7N (10)

(- (x @)

J

where :Tc§k> is the j-th predicted response via the k-th NARX model, and &; is the mean response of the j-th
sample. On this basis, the mean value of the relative errors in Eq. (10) can be taken as the error criterion

for selecting the optimal NARX model in Eq. (9) with an acceptable error ¢, i.e.,
| X
e = ¥ 3" = mine® e, @d9)) < e =107 (11)
j=1

Once the optimal NARX model is constructed, i.e., the NARX terms {g1(-), g2(-), - , gn, ()} are deter-
mined, the NARX model representation of the Qol € RY* in Eq. (7) is then formulated by

R g (12)

where ¥ € R and the NARX coefficients 9, for k = 1,2, -+ | N is calculated via the least-squares solution

in Eq. (8), respectively.

2.2. Proper orthogonal decomposition (POD)

The proper orthogonal decomposition (POD) has been widely studied in various fields for decades [39],
and has been named by Karhunen-Loéve (KL) decomposition, principal component analysis (PCA), or
singular value decomposition (SVD), etc., depending on specific fields of application. Generally speaking,

POD is a method to extract the coherent modes from an ensemble of signals —the high-dimensional vector

x, € RV for k=1,2,--- , N as defined above. The decomposition procedure is conducted as follows:
Step 1. Denote the signal matrix X = [z1, @2, - ,xy] € RV and calculate its SVD by
xX=Uxv' (13)

where U € RY**" and V' € RV*" are orthogonal matrices, and ¥ € R"*" is a sparse matrix with only

non-negative diagonal values denoted by o1 > 09 > -+ > 0, and r = min(Ny, N).

Step 2. Determine the smallest rank n; that satisfies

n¢ 2
E,i o*

j_ljgeforlgntgr 14
2

i1 0
where € > 0 is a given small value, e.g., ¢ = 1072 to make sure 99.9% energy of the signal is reserved

[32]. Then, the POD approximation is generated by X = USV" where U € RNtxne (the first n,

1—
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columns of U), V' € RN*™ (the first n; columns of V) and 3 € R™*" (the first n; columns and
rows of X). Therefore, due to the Eckart—Young-Mirsky theorem, the approximation error of POD is

quantified by the Frobenius norm, i.e.,

e I

(15)
<\ ot +o3++02)
Step 3. On this basis, the dimension of the Qol € RY* can be reduced from N; to ny, i.e.,
"Rz -Uz (16)

where & € R™ is calculated by &; = Uy for k= 1,2,---,N.

2.8. Active subspace method (ASM)

Unlike the aforementioned NARX and POD that focus on the dimension reduction of the Qol, i.e.,
decreasing the dimensionality of x, the active subspace method (ASM) is aimed at detecting the most
variant dimensionality of inputs 8. The following recalls basic concepts of ASM in Refs. [30, 40, 41].

Consider a mapping f : & € R” — z € R! where the uncertain parameters 8 equipped with a triple
(Q, F,P) has the joint PDF pg(€). Assume f is absolutely continuous and square-integrable w.r.t. pe(0).

Then, denote the uncentered covariance matrix C as

Ci= [ (Vof) (Vo) po(6)d6 =E[(Ve ) (Vas) | € a7)
Q
af @ ar 17
where the column vector Vg f = [87;1’ 8—9’;, ey, 8‘9!;} € R™ is the gradient of f and E[-] is the expected

operator. Then the eigenvalue decomposition of C yields
C=WAW' (18)

where W € R™*" is the eigenvector matrix and A € R™*" is the eigenvalue matrix with only eigenvalues
A1 > Ao > -+ X, > 0 lying on its diagonal.
The active input dimension m is defined by [30]
m:= argmax |A; — Ajyi1] (19)
jef1,2, ,n—1}
which shows the largest gap between two adjoint eigenvalues. Then, the original inputs 8 € R™ is transformed

into the active inputs 6 c R™ by

0N o=-wTe (20)

where W is the first m columns of W and usually there is m < n.



It has been proved that the error estimation of approximation of f(8) by f() can be formulated by [41]

E[(ffﬂ <L st + s+ An) (21)

where L is the Lipschitz constant that is only dependent on the domain §2 and the joint PDF pe.
Remark 1: The approximation of the gradient Vg f and the approximation of the integral in Eq. (17)
are usually hard to be computed. Especially when the sample size is limited to a small order, the ASM
can not be easily employed by some traditional means, e.g., regression-based method [23, 30] and finite
difference-based method [42], if there is no any access for additional model evaluations. To this end, a
gradient-free method via the Grassmann Gauss-Newton algorithm synthesized with the PCE [36] and the
GF-discrepancy minimization algorithm [35] will be adopted to overcome this issue. Discussions will be

continued in Section 3, and more details are summarized in Appendix B and Appendix C.

2.4. A short discussion on the NARX, POD and ASM

As discussed above, both NARX and POD can detect the “feature outputs” of a low dimensionality,
which specifically results in the NARX coefficients 9 € R™ in Eq. (12) and in the POD vector & € R™ in
Eq. (16), as illustrated in Fig. 1. In general, for both NARX and POD the dynamical property and the
data quality are of certain importance. Nonetheless, in our study it seems that the dynamical property may
be the dominant key to the NARX, while for the POD the data quality is the key. Besides, a valuable result
in the following studied examples will further show that, the data with good quality but relatively small
quantity can possibly behave better than the data with poor quality but relatively large quantity.

Dynamical property is the key

=99 —> deR™
NARX n, <N,
z(t):=xzcRY Feature outputs
- POD . m<N,
Original outputs e~r=U —> zeR™

Data quality is the key

Figure 1: Detecting the feature outputs via NARX and POD.

The so-called “feature” means that the original outputs (Qols), which are of high dimensionality, can be
well represented in a low-dimensional space under a given small tolerance —for NARX the mean relative
error in Eq. (11) and for POD the small value in Eq. (14). Both NARX and POD work well for this
purpose, but they have distinct differences on the following concepts:

(1) Physical significance. The physical significance of NARX has been widely noticed [31, 33]. For

instance, in [33] the authors chose a polynomial type of NARX terms with a maximal order 3, which is



according to their prior knowledge on the cubic nonlinear behaviours of the studied system:

Mgy (t) = —kg (21(t) — 22(8))® — ¢ (d1(t) — da(t))

(22)
myia(t) = ke (21(t) — 22(1))* + ¢ (#1(8) — d2(1)) + ku (2(t) — 22)

where x1(t) and x5(t) are the Qols while other parameters are random or deterministic as explained in
[33]. The physical interpretation of POD is even more straightforward. As is discussed in [43], the proper
orthogonal modes by POD represent the principal axes of inertia of the data, and particularly for linear
systems these proper orthogonal modes are converged to the linear normal modes.

(2) Applied complexity. Undoubtedly, the application of NARX or POD is much more efficient than
the direct computation of the original complex models. Nevertheless, on some specific conditions NARX is
more efficient than POD, while in terms of the model construction POD is much simpler than NARX, and

vice versa. For example:

1. If one has plenty of knowledge on the nonlinear behaviours of system, viz., knowing its linear or
nonlinear dynamical properties, then setting the candidate NARX terms can be very fast and even
perfectly determined at the initial trial, thus the metamodelling via NARX can be efficient and accurate
as well. For instance, the absolute velocity is taken as one of the NARX model terms in [33] for the
Bouc-Wen case, because it is priorly known that the nonlinear behaviour of the response is related to
the absolute velocity. On this condition, the NARX-based metamodel can be well-trained with samples
of a small size, since the mostly important information of the model has been already “learned” from

one’s prior knowledge on the system.

2. Nonetheless, for some cases there may not exist much informative details about the studied model. In
general, it is extremely hard to set proper candidate NARX terms for the NARX modelling. To this
end, POD provides a totally data-driven approach that there is no requirement for model selections
defined by the user. This becomes a most remarkable advantage of POD but a slight shortage of POD
as well, since to obtain a well performed POD model, one needs sufficient samples and thus the size

of samples may be prohibitively large.

Model pool
Model selecti@ LARS, etc.

NARX NARX terms

Linear regressioa OLS, etc.
Inputs/Outputs NARX coefficients

POD ———— Matrix decomposition  SVD, etc.

Figure 2: General modelling procedure of NARX and POD.



(3) Computational efficiency. The computational efficiency of NARX and POD includes two as-
pects: the first aspect is on the efficiency of generating the metamodel, and the second one is about the
computational efficiency of prediction of responses via the metamodel. The former is summarized in Fig. 2,
which shows that the metamodelling of NARX is more complicated than POD. The latter is related to the

following two equations, i.e., the prediction modes of NARX and POD:

NARX : Z(t) = Zﬂigi(y(t)) fort=1,2,---, N, = recursive format
i=1 (23)

Nt

POD : &(t) = Z:E(t)a(t) for t =1,2,---, N; <= matrix format Z(t) = U
i=1
where both NARX and POD models are represented by linear combinations of linear/nonlinear functions
with corresponding coefficients. The only difference between NARX and POD is that, NARX terms could
be nonlinear while POD modes are all linear?.

Similar to the NARX and POD, the ASM is aimed at detecting the “feature inputs” of a low dimen-
sionality. The conceptual idea of ASM can be intuitively understood from the perspective of sensitivity
analysis, in which it is known that for most issues of UQ on stochastic parametric systems, only a few
random variables have the most dominant impacts on the results of interest [29]. In the words of principal
component analysis (PCA), there may exist some principal coordinates that reserve the greatest variance of

stochastic systems. In ASM, this principal direction is computed by the orthogonal linear transformation

as shown in Eq. (20).

3. Feature mapping strategy of metamodelling

3.1. Basic idea

Inspired by the works in [32, 33] that NARX and POD can perform well on the representation of
dynamical systems via relative low-dimensional coefficients, and the works in [36, 41] that ASM can sharply

reduce the dimension of input random variables, the following idea comes into being;:

Instead of building a metamodel between the high-dimensional inputs and the high-dimensional outputs,
the above-mentioned dimension reduction methods can be synthesized together to provide a compatible feature
mapping strategy of metamodelling, i.e., the procedure of metamodelling can be completed between the feature

inputs and the feature outputs, of which the dimension may be much lower than the original dimension.

2Herein the “linear” does not mean that the POD mode is a linear function, but oppositely this function is always of
nonlinearity. The meaning of “linear” is due to the fact that this function is formatted as numerical values and thus no

calculation is of need, which is then considered as a constant vector of high dimensions.



Phase 3
Phase2 oo o R N ,  Phmeel
Feature inputs 0cR” o e -y e R™ /z € R™|Feature outputs
| e |
+ Metamodel /,/ ?
1 z H
1 - -1
PO ! - NARX | 9=(2'®) ®'z
O=W'60 : ASM Phase A_//,/ i )
! o POD | z=U"=z
1 PR
' 2 =G((0):0) Y
Original inputs R “ > zeRY Original outputs
Original model

Figure 3: A feature mapping strategy of metamodelling. Phase 1: Extract feature outputs via NARX or POD; Phase 2: Detect

feature inputs via ASM; Phase 3: Metamodel between feature inputs and outputs; Phase A: Auxiliary metamodelling.

The above idea is summarized in Fig. 3, where the proposed feature mapping strategy of metamodelling
has three main phases: in Phase 1 the feature outputs are constructed by NARX or POD; in Phase 2
the feature inputs are detected via ASM and in Phase 3 the metamodel between the feature input space
and feature output space is built by PC-Kriging method (see Appendix A), and this phase is numerically
embedded in Phase 2 (Algorithm 1). It should be emphasized that, any other advanced metamodelling
methods in Phase 3 and efficient dimension-reduction methods in Phase 1 and Phase 2 are certainly welcomed
and can be possibly adopted in the proposed feature mapping strategy of metamodelling, but these methods
must be matched felicitously with each other, especially in numerical calculations. In our current study, the
introduced methods ASM, NARX and POD are found to be appropriate for this purpose.

In the proposed feature mapping strategy of metamodelling, the first step is to generate the training
point set with a low discrepancy via the GF-discrepancy minimization strategy, which will be discussed
later. Then, the model responses are computed correspondingly. With inputs {61,602, -- ,0x} and outputs
{x1,x2, - - ,xy} in hand, the purpose of Phase 1 is to extract the feature outputs & with a relatively
low dimensionality. In this paper, the NARX and POD are suggested to to this work but certainly other
methods, if applicable, can also be employed. A self-validated procedure using existing samples is proposed
to verify whether the original outputs can be well reconstructed in the range of tolerance error.

For each feature output, the feature inputs are detected via ASM in Phase 2. This procedure is enhanced
by the aforementioned GF-discrepancy minimization algorithm and the Grassmann Gauss-Newton algorithm
as well. Moreover, an auxiliary Phase A is available in Fig. 3 (the diagonal procedure) to adaptively judge
whether the feature mapping strategy works better or worse (sometimes possibly), which makes the proposed

strategy of metamodelling be more flexible and robust.

10



3.2. Accelerating techniques in Phase 2

As discussed above, calculating Eq. (17) in Phase 2 is always troublesome. Therefore, the GF-discrepancy
minimization algorithm and the Grassmann Gauss-Newton algorithm will be synthesized to solve this issue.
The GF-discrepancy minimization algorithm can generate a low-discrepancy point set even when the sample
size is relatively low [35], and most importantly, it has been mathematically proved that [44], the discrepancy

of the selected point set is independent on the dimension n of @, i.e.,
Der(Prn) < Drr(Pn) < 3.635Dr(Pr) (24)

which makes it naturally suitable for high-dimensional issues. While the Grassmann Gauss-Newton algo-
rithm suggested in [36] is a gradient-free method to construct the gradient term in Eq. (17), and there are
no additional model evaluations are required. To avoid lengthiness here, the introduced two techniques are
provided in Appendix B and Appendix C in detail.

The proposed feature mapping strategy is summarized in form of pseudo codes as follows.

11



Algorithm 1 Feature mapping strategy of metamodelling

Require:

Select representative points, {0y € ]R"}{Cvzl ~ pe

Set a tolerance relative error, € = 0.01

Ensure:

9:

10:

11:

12:

13:

14:

15:

16:

17:

18:

> GF-discrepancy algorithm in Appendix B

Metamodel of the feature input-output space, & = M(é, t) and/or 9 = ./\/l(é7 t)

Generate representative samples

:for k=1,2,---,N do

@i < G(Ek(t), Ok)
end for
Phase 1: Extract the feature output space of x
9 € R + x € RV where ng < Ny
& € R" + x € RVt where n; < N,
Phase 2: Detect the feature input space of 6
fori=1,2,--- ,n; do

0 ¢ R™mi « @ € R™ where m; <n

> Eq. (3)

> NARX in Eq. (12)
> POD in Eq. (16)
> Take AS-POD for example

> ASM in Eq. (20) and Appendix C

Phase 3: Build the metamodel and its relative error for prediction > PC-Kriging in Appendix A

iy By = MISTOP(B0) and eSO |13 — &, / |1,

&~ 3 = MPOP(0D) and POP « ||&; — &4l, / |34,

if ASPOD o (POD then
M; + MAS-POD

else
M; +— MFPOP

end if

if min{eAS-FOD PODY > ¢ then
Unconverged, break

end if

end for

> Phase A

12



4. Numerical applications

4.1. Example 1: A 2-dimensional mathematical function

A 2-dimensional mathematical function is designed herein to illustrate the proposed method:
X(t) = f(©1,02) - &(t), t € [0,1] (25)

where
&(t) = exp(At) + cos(wt),
(26)
f(@l, @2) =2+ 05(@1 — @2)4 — (@1 — @2)2 —0.1 exp(@l — @2)
where A =1, w = 3.5, and ©; for i = 1,2 is independently and uniformly distributed in the interval [—1, 1].
Let the time step size At = 0.01, then we have x € R"* where N; = 101, and the discrete time series are
[0,0.01,0.02,--- ,1]. As stated above, instead of building a metamodel between [;,65] € R? and z € R0L,
the NARX or POD is firstly applied to extract the feature output space (Phase 1), and then detect the
feature input space (Phase 2).
Another challenge here is that only 10 samples® are assumed to be available for the construction of
metamodel, as drawn in Fig. 4. The following will show that under such an extreme condition, i.e., with
only sparse data, the proposed feature mapping strategy can still service well for metamodelling while the

other methods may not.

1.0 6.0
°
°
05 o |
°
°
< 00}, ]
°
051 ° J
°
°
_10 L I 1 00 L L L L
-1.0 -0.5 0.0 0.5 1.0 0.0 0.2 0.4 0.6 0.8 1.0
01 Time (sec)
(a) The optimal selected 10 samples via [35] (b) The corresponding sample processes

Figure 4: The size of samples in Example 1 is limited to 10.

3The point set is optimally selected with a minimal GF-discrepancy, of which details can be seen in [35] and Appendix B.
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4.1.1. Eztracting the feature output space via NARX

In this case, the £(¢) is known as the exogenous input, and from Eq. (25) one is easy to define a set of
candidate NARX terms in form of polynomial types, e.g., g;(t) € {&' (t — n¢)a'=(t — ng)} for I € {0,1,2,3},
I, €{0,1,2,3}, ne € {0,1,2,3,4} and n, € {1,2,3,4}. Then, the LARS suggested in [33] is adopted here

to pick up the most relevant NARX terms, under a given tolerance mean error, e.g., € = 1076,

——Exact — — NARX

-15
= 4 L><10 i
g2 8
53] 0 L L i |
0.0 0.2 0.4 0.6 0.8 1.0

Time (sec)

Figure 5: NARX model test in Example 1.

Only one NARX term, i.e., the constant term is extracted to satisfy the condition, which is obvious from
Eq. (25) where x(t) is linear to £(t). Besides, the recursive formula of NARX for prediction also works well
according the test with these 10 samples, as is shown in Fig. 5. Note that now from z € R!%! we get the
feature output & € R!, which is exactly the coefficient f(y,6,) in Eq. (25). Denote 2N4FX as the feature
output & via the method of NARX, such that

z € R0 = gNARX ¢ Rl (27)

4.1.2. Detecting the feature input space (AS-NARX)
In Phase 2, the feature input space will be detected in order to reduce the dimensionality of the original
inputs:

6 cR?>= 0 ecR! (28)

It should be emphasized that, since the dimension of inputs is 2, there is usually no need to execute
Phase 2 to reduce the dimension from 2 to 1 —a bunch of metamodels, e.g., Kriging, PCE and SVM, etc.,
could provide good results. Nevertheless, remember that there are only 10 samples for metamodelling in
this case, so these classical methods may fail without process of dimension-reduction. For instance, if PCE

is adopted and its degree is set to 4 that is consistent with Eq. (26), the number of PCE terms become

14



(*1?) = 15 > 10 with dimension of 2, while it turns to be (*}*) = 5 < 10 with dimension of 1. The

significance of dimension reduction is remarkable on this condition.

5.0 w 5.0 :
——AS-NARX — AS-NARX
45+ = Samples 1 45 x= Samples -
40 1 40 1
35+ B 35 B
e £
Z 30/ 1 2 30¢ ]
RS R
257 1 25r¢ 1
20r . 20f i
15} * . 15¢ 1
1.0 I I I I I 1.0 : : : L L
-5  -1.0 -05 0.0 0.5 1.0 1.5 -5 10 -05 0.0 0.5 1.0 15
0=W/0 0=W/S0
(a) The initial trial feature input space (b) The detected feature input space

Figure 6: Detecting the feature input space by ASM via the Grassmann Gauss-Newton algorithm where the feature out space

is extracted by NARX. The feature mapping strategy here is shortly named by AS-NARX.

The initial trial feature input space, as shown in Fig. 6a, is generated by a random but orthogonal
matrix, i.e., Wy = [—0.8984,0.4392]T. By adopting the Grassmann Gauss-Newton algorithm, the final
optimized feature input space is detected by Wopt = [0.7071,-0.7071] ", as shown in Fig. 6b. It can be
clearly seen that, a good consistency is achieved between the feature input space 0 and the feature output
space #NARX by the proposed AS-NARX.

Moreover, as is mentioned in [36], the Grassmann Gauss-Newton algorithm may possibly lead to a local
optimization solution, which is mainly due to the initial matrix that is randomly generated. To conquer this

issue, 10 trial initial matrices are set to increase the success rate on detecting the feature input space.

4.1.8. Ezxtracting the feature output space via POD
Unlike the NARX, there is no assumption of the POD on any prior knowledge of the exogenous input

£(t). Therefore, with samples of z(t) we set € = 1076 as the truncation of the sum of eigenvalues, i.e.,

ng N,
SNIDY Ni<l-e (29)
j=1 i=1
The results indicate that the first mode satisfies this condition, which means
z e R = 2POD c R! (30)

where 2POP stands for the feature output & by the POD method.
15



——Exact — — POD

Error

0.0 0.2 0.4

0.6

Time (sec)

0.8 1.0

Figure 7: POD model test in Example 1.

Again, the prediction error by POD model appears very small, as shown in Fig. 7.

4.1.4. Detecting the feature input space (AS-POD)

In this phase the procedure we need to do is the same as what in Section 4.1.2, and the only difference

is that the feature input becomes #POP

instead of 2NARX  The Grassmann Gauss-Newton algorithm is

applied again and the results are drawn in Fig. 8. Once again, the results indicate a good convergence of

the Grassmann Gauss-Newton algorithm on detecting the optimized feature input space.

60

—AS-POD
% Samples

ij()D

x % %

-40 I I

-1.5 -1.0 -0.5 0.0 0.5 1.0 15

6=wWJo

(a) The initial trial feature input space

-20

—AS-POD ]
% Samples

10 05 00 0.5 1.0 15
6=wW..0

opt

(b) The detected feature input space

Figure 8: Detecting the feature input space by ASM via the Grassmann Gauss-Newton algorithm where the feature output

space is extracted by POD. The feature mapping strategy here in shortly named by AS-POD.
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4.1.5. Model validation of the proposed AS-NARX and AS-POD

In this section, the metamodels AS-NARX and AS-POD are validated. To verify the significance of the
dimension reduction, the metamodel constructed directly between the original inputs and NARX coefficients
(named by “NARX” metamodel), and the one built between the original inputs and POD coefficients (named

by “POD” metamodel), are generated for comparison.

4.0 4.0
—Exact ----NARX - - AS-NARX —Exact ----POD - - AS-POD

2.0 2.0

0.0 0.0
$6.0 6.0

4.0 4.0

2.0 2.0

0.0 0.0
., 05 Prr s S - .. 05 Prr s S e
5 — - /_/. S . 8 e—— - /_/‘ SN P
i - -7 | - -7

0.0 2 ‘ " ‘ 0.0 2 ‘ " ‘

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Time (sec) Time (sec)
(a) Predictions of AS-NARX and NARX metamodels (b) Predictions of AS-POD and POD metamodels

Figure 9: Model validation of the proposed AS-NARX and AS-POD metamodels considering the whole time history.

The Fig. 9 presents the predicted responses by (AS)-NARX and (AS)-POD metamodels compared with
actual responses, from which it indicates that the proposed AS-NARX and AS-POD metamodels are of high
accuracy for this case.

The accuracy of the proposed AS-NARX and AS-POD metamodels are further validated by MCS of 10*
samples. Here the maximal value of responses is taken as the Qol for testing, i.e., max{|x(¢)|}, as drawn
in Fig. 10. Again, the proposed AS-NARX and AS-POD metamodels both exhibit good performance on
predicting. Besides, it is interestingly observed that the AS-NARX metamodel behaves nearly the same
as the AS-POD metamodel does. The reason for this phenomenon can be explained in Fig. 11: since the
feature outputs ZNARX ig linear to the feature outputs #7°P, the capacity for prediction is also supposed to
be closely similar.

The statistical results of the responses, including the extreme value distribution of (), the mean and the
standard deviation (std) processes of x(t) are computed. The extreme value distribution of z(t) is presented
in Fig. 12, and the mean and the std processes are shown in Fig. 13, correspondingly.

Again, it is observed that the AS-NARX metamodel has the same ability of prediction on the statistical

responses of z(t) as the AS-POD metamodel does, which shows a high accuracy compared with the exact
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(b) Model validation of AS-POD and POD metamodels

Figure 10: Model validation of the proposed AS-NARX and AS-POD metamodels considering the maximal value of responses.
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Figure 11: A linear regression between NARX and POD coefficients.
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Figure 12: Extreme value distribution of z(¢) in Example 1.
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Figure 13: Mean and std processes of z(t) in Example 1.

19



results. Besides, although the NARX (POD) metamodel presents a very close prediction result on the mean
response of x(t), the std response of z(t) by NARX (POD) metamodel is not satisfactory.

4.2. Example 2: A quarter car model

The quarter car model with two degrees of freedom has been studied in [33, 45] as a benchmark problem
of UQ on stochastic and nonlinear dynamical models. The system displayed in Fig. 14 is governed by the
following ordinary differential equations (ODEs):

Mgy (t) = —ks (21(t) — 22(t))* — ¢ (1(t) — da(t))

(31)
myda(t) = ks (21(t) — 22())° + ¢ (@1(t) — 22(t)) + ku (E() — 22(1))
where x;, ©; and &; for ¢ = 1,2 are the i-th displacement, velocity and acceleration, respectively.
The exogenous input £(t) is defined in a trigonometric form as
£(t) = Asin (wt) (32)

with the amplitude A = 1 and the mean circular frequency w = 1—10 2321 w;, where w; is the i-th realization

that independently and uniformly distributes in the interval [0.97, 1.17], thus the uncertain inputs are

denoted by © = [w,wa, - ,wip] ' € RO,
e T z, (1)
’ LJ__H é kﬁ
e T Q)

k.
g T £@)

Figure 14: A quarter car model.

The remaining parameters in Eq. (31), i.e., {ks,ku, ms, my,c} are considered as deterministic input
parameters with respect to the mean values {2000, 2000, 20, 40, 600} referred to [33]. The time step is taken
by At = 0.01 and the time period is T' = 10 sec, thus the Qol, i.e., the random process x;(t) is discretized
as a random vector of 1001 dimensions. Again, in this example only 20 samples are selected with a minimal
GF-discrepancy for metamodelling 8 € R0 s x € R1001,

In this case, the prediction capacity of metamodels by AS-NARX and AS-POD will be quite different.

Most importantly, since the uncertainties only originate from the exogenous input z(t) that is assumed to

be known in the AS-NARX therefore, there is a born advantage of AS-NARX compared to AS-POD. We
20



will see this advantage may help the AS-NARX-based metamodel perform better than the AS-POD-based

metamodel.

4.2.1. Phase 1: Feature output space by NARX and POD
The feature output space that separately extracted by NARX and POD are drawn in Fig. 15.

0.3 0.3
——Exact — — NARX ——Exact — — POD

4 x107 . = x107°
5 1 : : : : 4 5 5 3
= 0 ‘ = 0 ‘ “
53] _1 L L L i i 53] _5 L L L L
0 2 4 6 8 10 0 2 4 6 8 10
Time (sec) Time (sec)
(a) NARX model test in Example 2 (b) POD model test in Example 2

Figure 15: Testing of the NARX and the POD models in Example 2.

When the NARX is applied, the candidate NARX terms are set as {z(t — ng,)e%(t — ng)} for I, =
{0,1,2,3}, l¢ = {0,1}, n, = {1,2,3,4} and ne = {0,1,2,3,4}, where the number of NARX terms is
4 x2x4x5 =160 (of which the number of unrepeatable terms is 78). To avoid model selections of 27
times, the LARS algorithm [38] is adopted and the tolerance mean error is set as 3 x 1078, When the POD
is employed, the tolerance error is defined by 5 x 1074 to determine the optimal reduced dimension.

Finally, the feature outputs represented by NARX coefficients are 2NVARX ¢ R0 e, &(1), £(t — 1),
Et—2), 2 (t—1), 21 (t—4), 21t —1)E®), 21 (t —E(t —4), 23(t — 1)E(L), 23 (t —4)E(t —4), 23(t — 1). While

the feature outputs represented by POD coefficients are 2F°P € R®. In short, in Phase 1 we have

i,NARX c Rl()

I‘l(t) c R1001 = (33)
!,%POD c RS

From Fig. 15 it can be seen that although the number of feature outputs of POD (5) is smaller than
that of NARX (10), the testing error of POD model is far less than that of NARX model by the order of

magnitude of 2.
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4.2.2. Phase 2: Feature input space by ASM

The feature input spaces found by ASM for NARX coefficients are drawn in Figs. 16 and 17, while the
feature input spaces detected by ASM for POD coefficients are shown in Fig. 18. What needs illustration is
that, in order to increase the success rate of the Grassmann Gauss-Newton algorithm, the initial orthogonal
matrix is not randomly picked but approximated by the local linear regression method, which is different
from [36] and is discussed in Appendix C.

It is interesting to see that, the feature input can be almost linear, quadratic or cubic to each feature
output. This may somehow reflect the dynamical properties of the study system according to the ODEs in

Eq. (31), where there are linear terms w.r.t. the velocity, and also cubic terms w.r.t. the displacement.

4.2.8. Model validation and discussions

A total number of 10* MCS samples are calculated as the reference to validate the accuracy of the
metamodels constructed by AS-NARX and AS-POD. Again, to verify whether the proposed feature mapping
strategy works, the “NARX” and “POD” metamodels are built of which the dimension of original input
space is unreduced. The maximum of the absolute value of x4 (t), i.e., max{|x1(t)|} is defined as the QoI for
this model validation.

The validation results are summarized in Fig. 19. It can be seen that, both the AS-NARX and the
AS-POD metamodels perform well for predictions, compared with the prediction results by NARX and
POD metamodels, respectively. Meanwhile, in Figs. 19a and 19b the AS-NARX metamodel seems to be
more accurate than the AS-POD metamodel —the predictions by the former are more concentrated along
the 45° diagonal line than that by the latter. As mentioned above, because of the prior knowledge on the
exogenous input in the methodology of NARX, there is a natural advantage of NARX-based metamodel
compared to the POD-based metamodel that is completely driven by data. From Figs. 19c and 19d it is
even much clearer to observe that the accuracy of AS-POD metamodel can be improved with the increase
of size of samples.

The statistical results of the responses are summarized in Figs. 20 and 21. It seems that the proposed
feature mapping strategy works better in AS-POD than AS-NARX. One reason may be that both the AS-
NARX and NARX methods assume that the exogenous input is previously known, but the POD method
only requires sufficient data (inputs-outputs). Additionally, On this condition, a lower dimensionality of

inputs (e.g., n = 10 for this case) seems to be more important to the POD than the NARX-based methods.
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Figure 19: Model validation of the (AS)-NARX and (AS)-POD metamodels in Example 2.
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Figure 21: Mean and std processes of z(t) in Example 2.
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4.8. Example 3: A Bouc-Wen oscillator subject to the El Centro earthquake ground motions

In this example, we consider the SDOF Bouc-Wen oscillator [33] subjected to the El Centro earthquake

ground motions. The governing equation of motion of the system reads:

(1) + 20wi(t) + W (pa(t) + (1 - p)z(1)) = (1)

(34)
2(t) = 7 (t) — alg@)l|=()[* 2(t) - Ba(t)]=(1)]*

where ¢ and w are the damping ratio and the fundamental frequency, respectively. The parameters p, v, «,
k and 8 govern the hysteric nonlinearity of the system, and £(¢) is the El Centro earthquake ground motions
of North-Western direction. The peak ground acceleration (PGA) is scaled to 0.4g.

The following parameters in the Bouc-Wen model are set to be deterministic: ¢ = 0.02, p = 0.8, v =1,
n =1, =0and a = 50. The uncertainties in the considered system is characterized by the w that computed
by w = 2?21 6;/30, in which 6; is the i-th realization that independently and uniformly distributes in the
interval [5.373,6.567] referred to [33].

We first select 300 representative samples by the GF-minimization algorithm, and then solve the system
of ODEs by means of the MATLAB solver ode45 with the total duration 7' = 20 sec and the time step
dt = 0.02 sec, therefore the responses of the system are denoted by & € R'%°! (the discretized displacement
time history) and & € R%9! (the discretized velocity time history #(¢)). The mission now becomes how to
build the metamodel between the multiple inputs 8 € R3? and the stochastic responses & € R0,

Since the exogenous excitation is previously known, the NARX method seems to be naturally appropriate
for extracting the feature output space. The candidate NARX terms are given by g (t) = £\(t —4)|@(t —1)|™
and gi(t) = 2'(t — 7)|2(t — 1)|™ with I = {0,1}, m = {0,1}, j = {1,2,3,4} and i = {0, 1,2,3,4}. The use of
the velocity time history @(t) is due to the hysteric behaviour of the studied Bouc-Wen model in Eq. (34).

The initial number of NARX terms is 19 in total. The most appropriate NARX model that achieves

tolerance mean relative error € = 4 x 1075 over 300 samples contain 12 terms, viz., £(t), £(t — 1), £(t — 2),

§(t—=3), &t —4), @)t —1)|, £t = D]t = 1)], £ = 2)|&(t = D), #(t = 1), &(t —4), &(t = 1)[a(t - 1)],
#(t — 3)|&(t — 1)|. This means the feature outputs are now extracted from @ € R1901 to NARX ¢ R12,

The NARX model testing is complete in Fig. 22, where the displacement time histories are computed
by z(t) = fg #(7)dr. The time histories of error are calculated by the difference between the exact values
and the predicated values by NARX model. One observes that the predicted velocity trajectories by NARX
model are remaining acceptable, e.g., the maximal relative error no exceeds 0.1, while the displacement ones
are relatively well predicted, viz., the maximal relative error no exceeds 0.05.

The mean and std responses of #(t) are drawn in Fig. 23a, and Fig. 23b shows the mean error of the

AS-NARX metamodel. The mean error over the whole time history is defined by

foT |¢Mcs(t)_¢AS—NARX(t)‘dt s
T / max, |2(t)™ (35)
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Figure 22: Testing of the NARX model in Example 3.

where i(t)MS is the exact response of () by MCS and &(t)AS~NARX jg the predicted response of (t) by

AS-NARX, respectively. The mean errors in Fig. 23a for the mean and std responses are 0.0222 and 0.0437,

and the distribution of mean errors over 10* simulations is presented in Fig. 23b where it can seen that the

mean error mostly distributes in the interval [0.02,0.03]. The above results indicates a good accuracy of the

proposed AS-NARX metamodelling method.
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Figure 23: The statistical results of Example 3.
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4.4. Example 4: A subsystem of the NASA UQ challenge 2019

Since 2019, the NASA Langley Challenge on Optimization under Uncertainty [46] developed by the
NASA Langley Research Center, has built a global community of researchers towards some common issues
of UQ. This challenge problem is written in a discipline-independent framework, and it is distributed as
content-obscured p-code MATLARB files (e.g., yfun.m), viz., as a “black box” to prevent any prior knowledge
on complex dynamic systems.

In this example, the first sub-system of the challenge problem (computed by the function yfun.m) is our

studied system of interest, which is formulated by
z(t) = z(a, e,t) (36)

where the symbol x(t) is still used to represent the high-dimensional outputs, a € [0,2]° and e € [0,2]* are
structure-unknown aleatory and epistemic variables. Since the present paper only focuses on metamodelling
between high-dimensional inputs and outputs (not the all UQ challenge problems), the following assumptions

will be made in this example:

(1) The epistemic uncertainty e is simplified to be [0, 0, 0,0], while the aleatory uncertainty a is redefined
by a = [a,a,a,a,a] with a = ﬁ Zjﬂﬂ 0;, where 6; is the i-th realization that independently and

uniformly distributes in [0, 2].
(2) The studied time period is T = 2.5 sec with time step At = 1073.

In summary, the studied system in Eq. (36) now becomes 8 € R s 2 € R?591, Only 200 samples are
generated by the GF-discrepancy minimization algorithm, and the POD is applied to extract the feature
outputs from the calculated responses, since it is impossible to know the physical properties of the system.

In current study, the dimension of feature outputs is found to be 3 to satisfy a given tolerance error 107
by POD, and the corresponding POD modes and coefficients are drawn in Fig. 24. A comparison between
the original responses and the reconstructed responses is shown in Fig. 25, which indicates a relatively high
accuracy of dimension-reduction via POD.

The feature inputs are detected by AS-POD as shown in Fig. 26. Once more, the feature inputs w.r.t.
the feature outputs are successfully detected by ASM, even the initial feature input is not a good trial, i.e.,
an approximated active subspace computed by local linear regression method (Appendix C). The statistical
results are presented in Fig. 27, which shows a good agreement with the exact solutions.

Testing work is presented in Fig. 28 taking an arbitrary prediction for example, and in Fig. 29a model
validation is done by using 10* MCS samples where the absolute maximal value of the response is of interest.
Apparently, the proposed AS-POD can perform better than the POD in aspects of global trend and local

accuracy. Moreover, the case of no use of GF-discrepancy minimization technique is also present in Fig.
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Figure 24: The feature outputs extracted via POD in Example 4.
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Figure 29: Model validation of the (AS)-POD metamodels in Example 4.

29b, which shows a no good prediction when MC samples are utilized. The main reason is that the optimal
active subspace is sensitive to the initial trial point when the Grassmann Gauss-Newton algorithm is adopted.
When the approximated active subspace is computed as the initial trial point by the local linear regression
method, the discrepancy of point set becomes essential since it is related to the integral error in Eq. (17).
Noting that the studied sub-system is based on the NASA UQ challenge issues, in which the dimension
of output response is high. In this regard, the proposed mapping feature strategy may also provide some

information on uncertainty modelling by combining the Bayesian updating method or others.

5. Conclusions

With the steady development in structural engineering, computational model-based analysis and design
has taken a central role in modern structural analysis. Nonetheless, computational models, for engineering
purposes, may be extremely large and time-consuming. Therefore, metamodels (a.k.a. surrogate models)
with performance of fast and high-accurate prediction are gaining much attention, but there is always a
challenging issue on metamodelling of stochastic dynamical systems with nonlinear behaviours and high-
dimensional uncertainties. To this end, a wide variety of dimension reduction methods are developed to
circumvent the issue of “curse of dimensionality”, such as the nonlinear autoregressive with exogenous
inputs (NARX), the proper orthogonal decomposition (POD), and the active subspace method (ASM), etc.

In this paper, a novel feature mapping strategy of metamodelling is proposed. The basic idea is to
implement a double process of dimension-reduction, i.e., extracting the feature outputs with a much lower
dimension than the original outputs of high-dimension, and detecting the feature inputs with a relatively
lower dimension than the original inputs of high-dimension. The former part is realized via NARX and POD
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methods, while the latter procedure is enhanced by ASM. Moreover, to accelerate the convergence of ASM,
the Grassmann Gauss-Newton algorithm and the GF-discrepancy minimization strategy are integrated, and
the PC-Kriging is adopted to construct the metamodel between the generated feature inputs and feature

outputs. The concluding remarks include:

(1) When some of the dynamical properties of the system is previously known, and especially the exogenous
excitation is foregone, the NARX may be an ideal method to extract the feature outputs. Whereas, if
the dynamical system is considered as a “black box” (e.g., the Example 4), and only the outputs (e.g.,
dynamical responses) are available, then POD can be an appropriate tool to construct the feature

output space in particular with sufficient dataset.

(2) The introduced two techniques can effectively accelerate the convergence of ASM. The GF-discrepancy
minimization algorithm decreases the total number of training samples with a relatively low discrep-
ancy, while the Grassmann Gauss-Newton algorithm ensures to find the optimal feature input space

without requirement of additional model evaluations.

(3) The studied examples indicate that, the proposed feature mapping strategy can provide an efficient

and accurate capacity of metamodelling, especially when the number of model evaluations is limited.

Investigation on the application of the proposed method to more complicated cases is ongoing, e.g.,
featuring mapping metamodelling of high-rise reinforced concrete structures subjected to stochastic ground
motions by introducing the physical random function model of earthquakes, uncertainty quantification with
high-dimensional input uncertainties represented by random fields or stochastic processes, and reliability
analysis combining the proposed method and the probability density evolution method, etc. Some open
issues of the proposed method are remained to be further studied, including, adaptive selection of dimension-
reduced methods, optimal decision of dimensions of feature inputs and outputs, and unsupervised learning

of metamodelling in feature space, etc.

Appendix A. PC-Kriging metamodel method
A basic Kriging metamodel can be described by
z=G(60) ~ M*(9) := B"g(0) + 0°G(6,w) (A1)

where 37 g(0) is the trend function, o2 is the variance and G(8,w) is a standard stationary Gaussian process
with zero mean and unit variance, where w represents the underlying probability space that is characterized
in terms of a correlation function R = R(0,0’, o) and its hyperparameters a.
A basic PCE metamodel can be formulated by [12]
z=G(0) ~ M(0) := > cala(0) (A.2)

acA
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where a € A C NM are multi-indices, ¢, are the PC coefficients, and ¥, (6) are multivariate orthonormal
polynomials.

The PC-Kriging takes advantage of the regression-type PCE to capture the global properties of the
model, and also holds the interpolation feature of Kriging to seize the local variations [34]. In other words,
PC-Kriging is a specific Kriging metamodel with a PC trend function. Therefore, in this paper we use the
combination of PCE and Kriging, i.e., PC-Kriging to improve the efficiency of metamodelling. On the basis
of Kriging in Eq. (A.1) and PCE in Eq. (A.2), the expression of PC-Kriging is as follows:

z=G(0) ~ MPK(0) := ) cala(B) + 0°G(6,w) (A.3)
acA

To construct the PC-Kriging metamodel in Eq. (A.3), the optimal set of polynomials ¥,(0) and the
hyperparameters {o%, a,a} must be determined. In this paper, the MATLAB-based UQLab toolbox [47]
(sequential PC-Kriging) is utilized to help build the PC-Kriging metamodel, where the PC part (trend
function) is determined by LARS algorithm [38], and then the hyperparameters of PC-Kriging metamodel

is computed and calibrated.

Appendix B. GF-discrepancy minimization algorithm

The GF-discrepancy minimization algorithm [35, 44] adopted in this paper is to generate a set of repre-

sentative samples with a relatively low discrepancy. The algorithm includes three main steps:

Step 1. From a Sobol sequence Sy = {ug = (u1,q,U2,4, - ;Unq) Y-, over a unit hypercube, gencrate an
initial point set Py = {85 = (61,08, 0500 T}, by
0" = FgMuig), i=1,2,-- ,nand g =1,2,--- N (B.1)

where F@;L_I(~) is the inverse marginal CDF of ©;.

Step 2. Fori=1,2,---  n, rearrange the point set in each dimension to make points be close to each other:
Y1 11
(1) _ -1 (0) (0) _
0;. = Fo, (ZN .1(92.7,6 < 9i,q> +5 N) . q=1,2,---,N (B.2)
k=1

where I(A) is the indicator function equal to 1 if and only if A is true, otherwise I(A) = 0.

Step 3. Fori=1,2,---  n, rearrange the point set in each dimension again by using the assigned probability:
Y 1
2 - 1 1
6% = Fy! (qu.f (o) <6l)) + > .Pq> L q=1,2,--- N (B.3)
k=1

where the assigned probability P, is calculated by

P= o(@)0 (B.4)
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where (2, denotes the Voronoi region of the representative point 8, and satisfies
Qg ={0€R":[60—0,],<6—86;], forj=1,2,--- N} (B.5)
and || - ||2 is the 2-norm.

By doing so, ’PJ(\?) = {9((12) — (9(2) PICI

1.g:02 45 ,95321)@{121 is generated as the final point set with a smaller

GF-discrepancy.

Appendix C. Grassmann Gauss-Newton algorithm

Denote a many-to-one mapping f : @ € R" — z € R! where n > 1. In ASM, the high-dimensional space

R™ can be approximated from a relatively low-dimensional space R™ such that
f(O)=~g (WTB) , st. WeR™™ and WIW =1, (C.1)

where I, is an identity matrix of m by m for 1 < m < n, and g(-) denotes the metamodel between
WT0 e R™ and = € R, Note that the orthogonal matrix W is still unknown.

In the following part the top script of W is omitted for simplicity without confusion.

Suppose we have N samples {0,z = f(0x)}i_,, the gradient-free way to find W is to solve the following

optimization issue, i.e.,
N

arg min Z [xk —g (WTOk)]Q (C.2)
WeG(m,R) i)

where G(m,R™) denotes the Grassmann manifold of m-dimensional subspaces of R™, which can be regarded
as the solution domain of W.

Among many problems in solving Eq. (C.2), a good starting point W and an efficient iterative approach
are of paramount significance. In this paper, three different starting points are generated individually by
(1) random sampling method [36], (2) local linear regression method [23] and (3) Kriging-based method
[30]. The first one is to randomly generate an orthogonal matrix Wy € R™*™ via the Gram-Schmidt
orthonormalization, while the last two are to build a linear or Kriging model of z = f(6), then we can
compute an approximated Wy € R"*™ from Egs. (17) to (18).

As for the iterative approach, the Grassmann Gauss-Newton method [36] is adopted in this paper. In [36],
an approximated Gauss-Newton step for the optimization problem on the Grassmann manifold is proposed,
where only the first derivative, i.e., the gradient is required. Moreover, an analytical Jacobian matrix is
utilized to ensure a faster speed of convergence, based on the assumption that g(-) is of PCE type, i.e.,

9(0):=> ca¥a(f), 6 =W'6 cR" (C.3)
acA
where A is the set of all orthogonal polynomials and M = card(A), ¥, is generated in form of tensor
production of one-dimensional and orthogonal polynomials, and ¢4 is the corresponding coefficients.
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Denote V(W) be the information matrix whose generic term reads:

[VIW)],; =", (W"8;) fori=1,2,--- ,Nand j=1,2,--- , M (C.4)
and let ¢ = (c1, o, -+ ,cpr) | € RM be the coefficient vector of PCE, then Eq. (C.3) can be rewritten by
g(W'e)=V(W)c (C.5)

Let £ be a vector of Qol, i.e., f = [f(01), f(682), -, f(Bx)]" € RY, then Eq. (C.2) can be rewritten by

argmin ||f — V(W)c||? (C.6)
CeRI\/f
WEG(m,R™)
where we denote r = f — V(W)c as the residual.
When the issue of optimization is in Euclidean space, the updated point W is searched from the present

point W with a given direction A, i.e., Wi = W + 7A where 7 € [0,1] is a small number. While if the

issue of optimization is on the Grassmann manifolds, the Newton’s method is revised by [48]
W, = WDcos(E7)D'" 4 Ssin(E7)D', 7 €0,1] (C.7)

where SEDT is the compact singular value decomposition of A.
In [36], the Gauss-Newton step A is computed by an analytical Jacobian and the residual r. The

Grassmann Gauss-Newton algorithm is summarized in Algorithm 2.
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Algorithm 2 The Grassmann Gauss-Newton algorithm [36]

Require:
Generate training samples, {0,z = f(0;) Y,
Determine the PCE structure, g(-)

Ensure:
PCE coefficients, ¢ € RM

Optimal active subspace, W,y € R**™

1: Generate an initial point on G(m,R"), Wy € R™*™ s.t. W] W, =1,

2: Initial setup, W <+ W

3: while not converged do

4: Get active variable, 0+ W'o

5: Compute PCE coefficients, ¢ + V(W)Tf > T is the Moore-Penrose pseudo-inverse
6: Get the residual, r + f — Vc

7 Compute the Gauss-Newton step, A in [36] > require W and r
8: Update the current point, W < (W, A) > Eq. (C.7)
9: Get the new residual, ry < f — V(W )V(W,)f

10: W« W,

11: end while
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