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MULTI-FIDELITY SURROGATE MODELING FOR TIME-SERIES
OUTPUTS *

BAPTISTE KERLEGUER f#

Abstract. This paper considers the surrogate modeling of a complex numerical code in a multi-
fidelity framework when the code output is a time series. Using an experimental design of the low- and
high-fidelity code levels, an original Gaussian process regression method is proposed. The code output
is expanded on a basis built from the experimental design. The first coefficients of the expansion
of the code output are processed by a co-kriging approach. The last coefficients are collectively
processed by a kriging approach with covariance tensorization. The resulting surrogate model taking
into account the uncertainty in the basis construction is shown to have better performance in terms
of prediction errors and uncertainty quantification than standard dimension reduction techniques.

Key words. Gaussian processes, time-series outputs, tensorized covariance, dimension reduction

AMS subject classifications. 60G15, 62F15, 62G08

1. Introduction. Advances in scientific modeling have led to the development
of more complex and more computationally expensive codes. The surrogate modeling
approach consists in building a surrogate model of a complex numerical code from a
data set computed from an experimental design. We address in this paper a complex
code with time series output in a multi-fidelity framework. Multi-fidelity refers to
the situation where different codes dealing with the same problem are available. The
particular case that interests us is when codes are hierarchical, i.e. they are classified
according to their computational cost and their accuracy. The more accurate the
code, the more expensive it is. There is indeed a crucial need in the development of
surrogate modeling methods that can deal with high-dimensional output and multi-
fidelity.

A well-known method to build surrogate models is Gaussian process regression.
This method, also called kriging, was originally proposed by [13] for geostatistics. This
method has subsequently been used for computer experiments and in particular in the
field of uncertainty quantification, see [28, 29]. With the emergence of multi-fidelity
codes it has become interesting to build multi-fidelity approaches for the construction
of surrogate models. The autoregressive scheme presented by [12] is the first result in
the field of Gaussian process regression. This technique has been amended by [18] in
order to reduce the overall co-kriging problem to several independent kriging problems.
The papers [9, 23, 25] present different application cases and [8] is a synthesis of the
use of multi-fidelity for surrogate modeling.

Among the codes with high-dimensional outputs, we are interested in those whose
outputs are functions of one variable. When they are sampled, such outputs are called
time series. This means that the dimension of the code output is very large. Previous
work has solved the problem of functional outputs only in the simple-fidelity case.
Two methods have been considered to solve the simple-fidelity problem: reduce the
dimension of the outputs [21] or adapt the regression kernel [26]. The disadvantage of
dimension reduction is that it is then more difficult to quantify uncertainties based on
the reduced problem. Moreover, large data sets (containing many low-fidelity data)
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2 B. KERLEGUER

lead to ill-conditioned covariance matrices that are difficult to invert. As proposed in
[24], it is possible to strongly constrain the covariance kernel which makes it possible
to improve the estimation compared to the dimension reduction method. However,
this method implies that the covariance must be separable, which reduces the use
cases. Knowing that the AR(1) multi-fidelity model for Gaussian process regression
uses co-kriging, [22] presents an interesting approach for co-kriging in the context of
functional outputs, which is based on dimension reduction. An approach to multi-
fidelity with functional outputs is presented in [10] for multivariate Hilbert space
valued random fields.

In this work, we present a method that can generate a surrogate model for time-
series output in a multi-fidelity framework, with one high-fidelity code and one low-
fidelity code. A short introduction to Gaussian process regression and multi-fidelity
is given in Section 3. Section 4 presents a dimension reduction technique which takes
into account multi-fidelity. The method presented in Section 5 involves a dimension
reduction technique as for the method of Section 3 but it also processes the orthogonal
part by a simple-fidelity covariance tensorization method. To show the efficiency of
the surrogate model we present an example in Section 6.

2. Statement of results. Let us consider a complex numerical code where the
input is a point € @, with Q being a domain in R? and the output is a function
of a one-dimensional variable. We are interested in hierarchical codes, which means
that there are several code levels that can be classified according to their fidelity.
In this work, we will focus on only two code levels, a high-fidelity code and a low-
fidelity code. In what follows, H represents the high-fidelity code and L the low-
fidelity code, the generic notation is F € {H,L}. For any given input x, we can
run the F = L or H code and observe the data zp(x,t) for all ¢ in a fixed regular
grid {t,,u=1,...,N¢} in [0,1]. However, the cost of the high-fidelity code allows
only a very limited number of code calls. This induces the use of the experimental
design Dy = {a:(l), . ,w(NF)}. Ny is the number of observations of the code F. The
N; x Np matrix containing the observations for © € D is ZOFbS.Our goal is to predict
the values of (zH(a:(i),tu))u:L___7Nt given (ZH zZk )

; N

obs? “obs
=1,....,Ng

We assume that (21, zg) is a realization of a stochastic process (Z1,, Zy). We will

denote byZFthe random vector containing the random variables (Zp(w(i), tu)) u=1,...,Ny -
i=1,...,Ng
The combination of Z and Z" is Z.

In this work, we introduce an original approach to the construction of a surrogate
model in the framework of hierarchical multi-fidelity codes with time-series outputs.
The main idea is to combine a reduction method of the output dimension, that fits
well with the autoregressive model of multi-fidelity co-kriging, and a simple fidelity
method that allows to treat time series output by Gaussian process regression with
covariance tensorization. In Section 3 we give the main elements of the Gaussian
process regression theory that are needed in our paper.

The choice of the basis for dimension reduction is crucial. In Sections 4-5 we
develop an empirical method based on K-fold cross-validation which uses only low-
fidelity data and allows us to consider the first two moments of the basis vectors. Once
projected onto the reduced space it is possible to characterise the models of the first
coefficients of the expansion of the code output onto the basis by the multi-fidelity
Gaussian process regression method.

The orthogonal part, which is the projection of the code output onto the orthog-
onal space of the reduced space, can be neglected if the dimension of the reduced
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space can be chosen so as to achieve a good bias-variance trade-off (see Section 4) or
it can be treated by Gaussian process regression with covariance tensorization (see
Section 5). The latter approach collectively addresses the orthogonal part of the high-
fidelity code and it makes it possible to better predict the output of the high-fidelity
code and to better quantify the uncertainty of the prediction.

The results presented in the numerical example in Section 6 confirm that the
processing of the orthogonal part is important. In this example we test the different
methods presented in the paper and we assess their performance in terms of prediction
errors and uncertainty quantification.

3. Gaussian Process regression. In Subsection 3.1 the autoregressive multi-
fidelity model is presented. This model comes from [12]. The Gaussian process regres-
sion with covariance tensorization is presented in Subsection 3.2. The method comes
from [26] and it has been improved by [3] and [24].

3.1. Multi-fidelity Gaussian process regression. In this section we want to
build a surrogate model of a code o () whose input @ is in Q C R? and whose scalar
output is in R. The construction of a surrogate model for complex computer code
is difficult because of the lack of available experimental outputs. We consider the
situation in which a cheaper and approximate code ay,(x) is available. In this section,
we apply the regression method presented by [12], reviewed in [7] and improved in
[18].

The code outputs (ar,, ay) is assumed to be a realization of a Gaussian process
(Ar, An). The vector containing the values of ap(x) at the points of the experimental
design Dp are denoted by of and A is the Gaussian vector containing the random
variables Ap(z) at the points z in Dp. The combination of A" and A" is A. So is
«, the combination of o™ and off. We present the recursive model of multi-fidelity
introduced by [18]. The experimental design is constructed such that Dy C Dy,. We
assume the low-fidelity code is computationally cheap, and that we have access to a
large experimental design , i.e. N, > Ny.

We consider the hierarchical model introduced by [18]:

Au(z) = pu(@)AL(z)+ ()
(3.1) Ap(z) L o(x) )
pu(z) = gi(x)B,
where L means independence, T stands for the transpose,
(3:2) 5(x) ~ GP (fii (2)Bu, ofyru(z, @) ,

and AL(:B) is a Gaussian process conditioned by the values o*. Its distribution is the
one of [Ar(z)|AY = oF, L, 01] with

(3.3) Ap(x) ~ GP (fE(:c)ﬂL, O’%’I‘L(CU7£B/)) .

Therefore, the distribution of Ap(zx) is Gaussian with mean i, () and variance
O’%L (z):

(3.4) py, (w) =fL (x)Br +r{ (x)Cp ' (o — FLBL)

(3.5) O%L (z) =0t (ru(z, z) — r (x)Cf 'r(x)).

Here:



4 B. KERLEGUER

- GP means Gaussian process,

- gr(x) is a vector of gy, regression functions,

- fr(x) are vectors of pg regression functions,

- rp(x,x’) are correlation functions,

- Pr are pp-dimensional vectors,

- 0% are real,

- f, is a g-dimensional vector of adjustment parameters,

- Cp = (TF(ZB(i), w(j)))fvjll is the Ng x Ny correlation matrix of A¥,

- re(x) = (rp(e, m(i)))i\fl is the Ny-dimensional vector of correlations between
Ap(z) and A,
- Ff is the Ng X pr matrix containing the values of fg(:c) for ¢ € Dg.
For x € @, the conditional distribution of Ag(x) is:

(3.6) [An(@)|A = a, 8, 8,,0%] ~ N (pay (), 0%, (),

T . . . .
where 8 = (Bg , BE ) is the py + pr-dimensional vector of regression parameters,
o? = (oﬁ, 0%1) are the variance parameters,

pag (@) =g (®)Bpp i, (x) + fif (@) B

(3.7) +rf(x)Cq " (o = p"(Du) © a*(Du) — Fufn)
and
(3.8) o3, (@) = (o7 (x)8,)" 0% (@) +0F (1 - rf(@)Cy ru(x)) .

The notation © is the element by element matrix product. p“(Dg) the Ng-
dimensional vector containing the values of pr(x) for € Dy. oF (Dy) is the Ny-
dimensional vector containing the values of ar,(x) at the points of Dy.

The goal of a Bayesian prediction is to integrate the uncertainty of the parameter
estimation into the predictive distribution as in [15]. Here the parameters are o, 8
and (,. As explained in [18] the result is not Gaussian but we can obtain expressions
of the posterior mean E [Ag(x)|A = o] and variance V [Ax(x)|A = «]. Tt is possible
to consider informative or non informative priors for the parameters [18, 19]. Here we
consider informative conjugate priors:

3.9) [0f] ~ZG (my,sL),
3.10) [,Bﬂaf] ~Npy, (bL,a%VL) ,
3.11) [012{|.AL = ol b, O’L] ~ZG (mmu,sun),
3.12)
5 A = ¥ 1] <Ny (= (g ) ot = (0 1))

with

(
(
(
(

- by, a vector of size py,,

b” a vector of size ¢,
3 .

- by a vector of size py,

- VI? a pg X pyg matrix,
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- VP a g X ¢ matrix,
- V1 a pp X pr, matrix,
- mp and ¢r are positive scalars and ZG stands for the inverse Gamma distri-
bution.
By using these informative conjugate priors we obtain the following a posteriori dis-
tribution as in in [18] :

(3.13) (07| A" = "] ~ZIG (dL,QL),
(3.14) [BL]AY = o, of] ~N,, (Zrvn, 21,
(3.15) [ofi| A = a] ~IG (du,Qn),
(3.16) [Bu, Bpl A = a, 051 ~Npyy 44 (Suvi, Bn)

- dF = nTF +mFa
. N\T .
- Qr = (OéF - HF/\F> Cp' (OéF - HFAF) ;
N \T _ .

-Qr=Qr + + (bF - AF) (Vv + (HECp 'Hy)) ' (bF - )\F);

oot vyt
- Sp = [HE Sy He + S|

i ¢

- vp = [T Dol + Y,
- Hp is defined by Hy, = Fy, and Hy = [G" © (oM1])) Fy],

- G" is the Ny x ¢ matrix containing the values of gl (z) for € Dy,
- 1,4 is a g-dimensional vector containing 1.

- Ae = (HEC He) ™ HECR F
Consequently, the posterior distribution of Ay (x) has the following mean and
variance:

(3.17)
E[Au(z)|A = o] =h{j(2)Suvn + i (2)Cy ' (o — HuSpvn)

V(@) = o] = (@) +2,(2) 7, (@) + 522 (1= (@) ()
(3.18) + (bl = rli(2)C Hy) Su (b — rh(2)C Hy)

with pr(x) = g{(m)ﬂpa By = [EHVH]Z‘:pH-;-l,_“,pH-;-q and £,(z) = gg(m)ZHgL(m) with
21 = [Balijpytt, putg

The posterior mean ]E [A(x)|A = o] is the predictive model of the high fidelity
response and the posterior variance V[An(x)|A = a] represents the predictive vari-
ance of the model.

The hyper-parameters of the covariance kernels 1, and rg can be estimated by
maximum likelihood or by leave-one-out cross validation [2]. The nested property of
the experimental design sets Dy C Dy, is not necessary to build the model but it is
simpler to estimate the parameters with this assumption. Moreover, the ranking of
codes and the low computer cost of the low-fidelity code allow for a nested design for
practical applications.

3.2. Gaussian process regression for functional outputs. In this subsec-
tion, we address Gaussian process regression for a simple-fidelity code with time-series
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output. For the calculation of surrogate models with functional outputs, there are
two different techniques. The simplest ones are dimension reduction techniques as
presented in [1, 21] (see Section 4). An alternative is presented here, this method is
Gaussian process regression with covariance tensorization. The method is presented
in [26] and the estimation of the hyper-parameters is from [24].

In this section we consider that the output is a time-dependent function observed
on a fixed time grid {t,}y=1,... ,n,, with N; > 1, which is called a time series.

The experimental design in a times-series output case is very different from a
scalar output case. In particular, for a value « in the experimental design D, all the
t of the time grid are in the experimental design. The N; x N, matrix containing
the the observations is Zops = (z(sc(i),tu))u:l,m, ~,. In Gaussian process regression

i=1,...,Ny

the code output is assumed to be a realization of a Gaussian process Z(x,t,) with
x € Qandu=1,...,N;. The a priori knowledge of Z(x,t,) is given by its covariance
function C' in (3.20) and its mean function p in (3.19). We focus our attention to the
case N; > N,. We assume that the covariance structure can be decomposed into two
different functions representing the correlation in & and the correlation in ¢. If we
choose well both functions, the kriging calculation is possible [24, 26].

The a priori RV-valued mean function by of the form:

(3.19) pu(x) = Bf(x)

where f(z) is a given RM-valued function and B € My, (R) is to be estimated.
We define F' the N, x M matrix [f7(z™)];=1. n,.

x

The a priori covariance function C (¢, t,/, @, ') can be expressed with the Ny x N,
matrix R; and the correlation function Cy : Q x @ — [0, 1] with Cy(z, ) = 1:

(3.20) Cltu,tu, @, x") = Ri(ty,ty)Co(z, ).

The covariance "matrix" (here a tensor) of (Z(sc(j),tu))u:lw,m is

J=4 5, Ng
(3.21) R=R ®R,,

with (Ry),,, = Co(®®,2®) k1 =1,...,N,.
If R, and R; are not singular, then the a posteriori distribution of the R"¢-valued
process Z given the covariance functions and observations is Gaussian:

(3.22) (Z(‘Batu))u:L,__,Nt |Rt; Cy Zobs ~ GP(pix(x), R(z, ') Ry),
with the N;-dimensional posterior mean:
(3.23) () = Zops Ry ‘1o (z) + Bou(x)

with 7, (z) is the N,-dimensional vector (Cj(z, m(j)))j . The posterior covari-

=1,...,N,
ance function R, (x, ') is :

(3.24) Ry(z, ') = ci(z,x) (1 + ve(z, ).

The functions that are used in the regression are

u(z) = f(x) — FTR; 'r.(x)
(3.25) cu(z,x') = Cp(z, ') — ro(x) T R rp(2) ,
ve(z, 2') = w(@)T (FTR;VF) " tu(z ) e (z, ')
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and
(3.26) B, = Zy R, 'F(FTR;'F)~1.

The correlation function C), is assumed to be a Matérn kernel with a tensorized
form:

d
Vlzi — x| | 5lz — x| Vbl —
(3.27) Cy(z,x) = H <1 + | 7 | + | e | exp —% ;
i=1 i T i

with £, = ({y,, ..., L:,) the vector of correlation lengths. Other choices are of course
possible. Ry is estimated using R, ! and the observations Z},s by maximum likelihood,
as in [24]:

1

(3.28) R, = o (Zobs - Z) R;! (Zobs — Z‘)T7

with Z is the N; x N, matrix of empirical means ZAM = N%E Z;vz*l (Z()bs)uJ7 Vi =
1,...,Nyandu=1,..., N;.

It remains only to estimate the vector of correlation lengths €, = (¢5,,...,4,) to
determine the function C,. As presented in [24], the maximum likelihood estimation
is not well defined for £,,. Indeed the approximation of R; by (3.28) is singular because
N, < N;. In fact we do not need to inverse R; as seen in Equations (3.22)—(3.26).
The method generally used to estimate the correlation lengths is cross-validation and,
in our case, Leave-One-Out (LOQO). The LOO mean square error that needs to be
minimized is:

Nm
(3.29) () = > 1 (@PZ00 10) — Zons ()2,
k=1

where p{ " (x(F) |Zc()gsk)7 1) is the RMt-valued prediction mean obtained with the cor-
relation length vector I, using all observations except the k-th, at the point (*). We
can use an expression of €2(l) that does not require multiple regression, like in [5, 2].
For more detail see Appendix A.

4. AR(1) multi-fidelity model with projection. To carry out a simple-
fidelity regression for a code whose output is a time series we can use the method
presented in Subsection 3.2 or use output dimension reduction. For dimension re-
duction, as in [21], a basis is chosen. The functional output is expanded onto this
basis, the expansion is truncated and a surrogate model is built for each scalar-valued
coeflicient of the truncated expansion.

In our case, we deal with both multi-fidelity and time-series outputs, as presented
in Section 2. One solution could be to use covariance tensorization in the multi-
fidelity framework. This method requires the inversion of large covariance matrices.
However, the inversion methods possible in simple fidelity become impossible because
the matrices are then too ill-conditioned to be inverted.

This leads us to introduce new methods. The most naive method consists in
starting again from the dimension reduction and to carry out the projection of the
outputs of the two codes onto the same appropriate basis. It is therefore possible
to use the model Equation (3.1). The problem is that is not possible to define a
basis that is optimal for both the high and low fidelity codes. A basis estimated from
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the low-fidelity data is preferred as it is more robust thanks to the larger number
of data. Thus the loss of high-fidelity information is significant which leads us to
introduce our new method Section 5. The originality of our approach is to keep the
dimension reduction technique but also to use the residual high-fidelity data to carry
out a Gaussian process regression with covariance tensorization.

4.1. Model. We consider the situation described in Section 2. We recall that
(Zv, Zn) is a stochastic process. The temporal grid is {tu},c(;, . n,}- NVF observations
are available for different values of x at the fidelity F.

Let T be an orthogonal Ny x Ny matrix. The columns of T', I';, form an orthonor-
mal basis of RV, We assume that, given T, the processes Zy have the form:

Ny

(4.1) Zi(@,ta) =Y Ain(@)Ti(ty),
z;tl

(4.2) Zu(m,tu) =Y Ain(@)Ti(t),

where (A;1.(x), A; u(x)) are Gaussian processes which are independent with respect
to ¢, given I
Remark:. Under these hypotheses (Z1,, Zy) given I" are Gaussian processes whose
covariance matrices can be diagonalized on the basis formed by the columns of T'.
Let (o p (m))fvztl be the R¥¢-valued function:

Ny
(4.3) aip(@) =Y zp(e, tu)Ts(t).

We denote by af the 1 x N, row vector (Oéi)F<$(j)))j.V:Il that contains the available
data. The full data set is o = (aL, aH).

Consequently we will use the method presented in Subsection 3.1 given I'. This
leads us to the model presented in Equation (4.4). Given T, Vi € {1,..., Ny},

pi,L(w)/L,L(w) + di(x)
(51(33) )

i1
(4.4) AL
L giT(w)BPL,i

&
=

where:
bi(x) ~ GP ( ZH(-’/B)@,H,U?,HH,H(% z')),

and /LL(:B) a Gaussian process conditioned by the values o, The distribution of
A; 1(z) is the one of [AZ-_’L ()| AY = ol B; 1, O’LL] where:

Aip(z)|T ~ GP ( iI:L(w)/Bi,La Uf,LTi,L(% :c’)) .

gi(x) is a vector of ¢ regression functions, f; p(x) are vectors of pp regression
functions, r; p(x,x’) are correlation functions, 8; r is a pp-dimensional vector, S, ;
is a g-dimensional vector and U?’F are real. For simplicity the regression functions g;
and f; p do not depend on .

The model depends on I', which is why we discuss in Subsection 4.2 the choice of
the basis.
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4.2. Basis. In this section we present different models for the random orthogonal
matrix I'. Its law depends on what we know. If we have access to a lot of information
based on the output of our code, we can use a Dirac distribution concentrated on one
orthogonal matrix 4 (it is a form of plug-in method). In contrast, the least informative
law is the Uniform Law, i.e. the Haar measure over the group of orthogonal matrices.
In order to make the best use of the available information, i.e. the known results of
the code, an empirical law can be used.

4.2.1. Dirac distribution. We can choose the distribution of the random ma-
trix I' as a Dirac distribution concentrated on a well chosen orthogonal matrix ~.
This matrix is chosen when the basis is known or if it is considered that the basis can
be efficiently estimated from the observed code outputs. Motivated by remark below
Equation (4.2), the matrix  can be computed using the singular value decomposition
(SVD) of the code outputs.

The general idea is to choose subsets Dy C Dp of size Ng to apply a SVD on the
Ny % (NH + NL) matrix Z.p,s that contains the observed values (za(x,ty))u=1,... N,

xeD
and (zr(x,ty))u=1,...n,- The SVD gives: "’
xzc Dy,

(4.5) Zos = UAVT.

The choice of v is U.

The first idea is to mix all available data, high- and low-fidelity: Dy = Dy and
l~)L = Dy,. However, we assume that Ny, > Ny, so the basis is mainly built on the
low-fidelity data. In addition, the small variations in the data between high and low
fidelity that would be useful to build the basis have negligible impact because they
are overwhelmed by the low fidelity data. This method should not be used.

We have to choose between high and low fidelity. High fidelity has the advantage
of being closer to the desired result. However, it is also almost impossible to validate
the chosen ~ because the high-fidelity data size Ny is small. The low-fidelity data set
is larger, hence the estimation of « is more robust. Note, however, that the choice is
less appropriate for the high-fidelity code. In order to choose -y, we therefore suggest
to use the low-fidelity data and to calculate the SVD with Dy =0 and Dy, = Dy..

4.2.2. Uniform distribution. We can choose a random matrix using the Haar
measure on the orthogonal group Opy,, where Oy, is the group of IV; x N; orthogonal
matrices. This is the Uniform Orthogonal Matrix Law.

To generate a random matrix from the Haar measure over Op,, one can first
generate a N; X Ny matrix with independent and identically distributed coefficients
with the reduced normal distribution, then, apply the Gram-Schmidt process onto the
matrix. As shown in [4], this generator produces a random orthogonal matrix with
the uniform orthogonal matrix law. This method completely ignores the available
data and is not appropriate in our framework.

4.2.3. Empirical distribution. The downside of the Dirac distribution is that
the uncertainties on the basis are not taken into account. An empirical method to
assess the uncertainty estimation is therefore considered.

The proposed method uses only the low-fidelity data because it is assumed that
there are too few high-fidelity data to implement this method, so Dy = @. For the
construction of the basis we try to have different sets to evaluate the basis in order to
have empirical estimates of the moments of the basis vectors. Let k be a fixed integer
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in {1,...,Np}. Let I = {j1,...,jx} be a random set of k elements in {1,..., Ny},
with uniform distribution over the subsets of k elements in {1,..., N, }. The empirical
distribution is defined as follows: for any test function f: On, — R,

(46) Ef0)]=my X @),

Ny,
( k ) {j1,-gk 3C{L,...,NL}

is the matrix of the left singular vectors of the SVD of

(zn(z™,t,)) wefl,. N1} . This distribution depends on the choice of k, that
i€{1,....,NLI\{j1,---.Jr }

will be discussed in Section 6.

4.3. Predictive mean and variance. The goal of this section is to calculate
the posterior distribution of Zy(x,t,). The problem can be split into two parts: the
multi-fidelity regression of the basis coefficients knowing I'" and the integration with
respect to the distribution of I'. The Dirac and empirical distributions can be used
to define the law of T'.

Multi-fidelity surrogate modeling of the coefficients. By applying the model pro-
posed in Subsection 3.1 we can therefore deduce the prediction mean and variance.
Given T, (A; u(z,ty), Ain(z,ty)) =cq are independent a priori and a posteriori

u=l1,...,

with respect to ¢. This mdependence makes it possible to generate N; independent
surrogate models, with mean and variance given by (3.17) and (3.18):

(4.7)  E[Aiu()|T, A= o] =hig(@)Sinvin +rig(@)Cr g (of — HinSinvin),
V[Ain(@)T, A= a] = (5 L(x) +eip(x) 0F (@)
_Qin 4 o7 1
+ Q(dz,H _ 1) (1 ri,H<x)Ci’HT17H(5C))
T T 1 T T 1 T
(4.8) + (@) = rTa(@)CHin) i (W (@) = rl(@)Ci Hin)

4.3.1. Dirac law of I'. Here we assume that the law of I" is Dirac at . Con-
sequently, the posterior distribution of Zy(x,t) is Gaussian. In order to characterize
the law of Zy(x,t) it is necessary and sufficient to compute its mean and variance.

Mean:. The posterior mean is:

(4.9) E[Zg(x,t,)]|A = a] = Z% ) (z)|A=aq],

where the expectation E [A; g(x)|A = o] is given by (4.7).
Variance:. The posterlor variance:

(4.10) V[ Zy(x, ty)| A= o] = Z% OV [Aiu(z)|A=a],

where the variance V [A4; n(x)|A = o] is given by (4.8).

4.3.2. Empirical law of T". Because the law is different from Dirac the posterior
distribution of Zy(x,t) is not Gaussian anymore. However, we can characterize the
posterior mean and the variance of Zy(x,t).

Wedenote E, [ =E[-|[A=0a], Vo [|=V[|A=qa],Ez,. [ ] =E[|Z = Zobs) and
VZoe H =V [|Z = ZobS]~



MULTI-FIDELITY SURROGATE MODELING FOR TIME-SERIES OUTPUTS 11

Mean. The linearity of the expectation and the law of total expectation give:

(4.11) E, [Zu(z,t,) ZIE Eo[A; u ()T,

where the expectation Ey[4; u(x)|T] is given by Equation (4.7).
Variance. The law of total variance gives :

(4.12) Vo [Zn(z,tu)] = Vo [Eq [Zu(z, 1) [T]] + Ea [V [Zu (2, ) L]

The variance term can be expressed as follows :

Ve [Ea [Za(@, 1) 7)) = Va [0 Tilta)Ea [Asn(@) T]
(4.13) = S Va [Ti(h)Ea [Asn(@) L] !
i COVaTiltu)Ea [ it (@) T, T (ta)Ea [40(@)]T)

where E, [4; u(x)|T] is given by Equation (4.7). The expectation term can be ex-
pressed as :
(4.14)

Eo [Va [Zu(z, tu)|T]] =

Eazﬁvw%<><>m+2”“#%w<mwm<> ()T (£,)|T)
ZME[()% ] ’
+ Zz =1 z;é] o [Li ()L (tu)Cova (Az,H( ), Aju(z)|T)]

where V,, [A; 1 (2)T;(t,,)|T] is given in Equation (4.8) and Cov, (A4; u(x), A u(x)|T") =
0 if ¢ # j. Consequently:

Vo [Zu(@, )] = S Va [Ti(ta)Ea [AZ,H(w)\F]]
(4.15) i Cova( i(tu)Ea [Ajn(x)|T], T (u)lEa[ a(z)[T])
SN By D3 (tu)Va [Aiu(z)|T]]

Equations (4.11) and (4.15) are combinations of expectations of explicit functions
of I'. We can compute the result using our knowledge on the law of I'. The expectation
of a function of T is given by Equation (4.6).

4.4. Truncation. There is a problem with surrogate modeling of the coefficients
of the decomposition with indices larger than Ni,. Indeed, we typically have Ny, < N,
so the vectors I'; with indices larger than Ny, of the basis are thus randomly construc-
ted, which is not suitable for building surrogate models. To solve this problem, it is
possible to truncate the sum. Only the first N coefficients, with N < Nj, are calcu-
lated. The assumption is that the contributions of the terms A; y(x)I';(t,,) for i > N
are negligible. However it turns out that these terms are often not collectively negli-
gible (see Section 6) and the truncation method does not achieve a good bias-variance
trade-off even when optimizing with respect to N (by a cross validation procedure
for instance). The high- and low-fidelity outputs do not necessarily have the same
forms. Thus it is possible that an important part of the high-fidelity code is neglected
because it is not taken into account by the sub-space spanned by {I';};<n. We will
therefore propose in the next section an original method to tackle this problem.
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5. AR(1) multi-fidelity model with tensorized covariance and Projec-
tion. The naive method presented in Section 4 has many flaws. It leaves part of
the output untreated by regression and the variance is underestimated. The major
problem with the solution we propose in Section 4, is that we typically have N, < N;.
Consequently for i > Ny, the verctors I'; of the basis do not represent the typical vari-
ation of Zy. We should find an appropriate way to predict the law of the projection
of Zy on span {I';,i > N }.

One interesting approach is to apply the covariance tensorization method to the
orthogonal part. This idea is to address the last terms of the expression collectively
through a Gaussian Process model with tensorized covariance structure. This allows
us to split in the problem into two parts. The first part is to compute as presented
the previous section the first NV terms of the expansion of Zy onto the basis by using
a co-kriging approach. The second part is to compute the projection of Zy onto the
orthogonal space by using a kriging approach with tensorized covariance. The choice
of the optimal N will be carried out by a K-fold cross-validation method.

5.1. Decomposition. The proposed method is based on the decomposition of
the outputs, as presented in Equation (4.1).

Projection. Let N be an integer, smaller than the time dimension N;. Let I" be an
orthogonal matrix, as presented in Subsection 4.2, the columns of " are {I"; };=1.... n,-
As discussed in Subsection 4.4 the full computation of all N; surrogate models does
not give good results. This leads to the idea of the introduction of the orthogonal sub-
spaces S;lv and Sy, where Syv =span{l'y,...,I'y} and Sy =span {Txy1,..., TN, }.

With a given basis I' it is possible to decompose the code outputs. The decom-
position over the basis I' gives us coefficients. We decompose Zy and Zy, over the
subspace SJHV. The rests are denoted Zﬁ- and Zﬂ-. Consequently, we get:

N
(5.1) Zi(@ty) = Z) (@, t) + Zi (2, 1) = > AiL(@)Ti(ta) + Zi (w0, L)
and

N
(5.2) Zn(@,t,) = Ziy(@,t) + Zif (@, t0) = D Aiu(@)s(ta) + Zif (@, ).

i=1
We are able to describe the code outputs with the basis I'y = {Fi}izl,...,

the coefficients A; g and A; 1,, and the orthogonal parts Zﬂ- and Zﬁ-. We denote by
o and a1, the available data sets, the full set is called o. The expression of a; r is
given by Equation (4.3).

We will use the method presented in Subsection 3.1 for all i < N. Given T,

Aiu(z) = pir(x)A; 1 (x) + 5;(x)
(53) Ai,L(w) 1 51(38) ’
Pi,L(m) = gz‘T(m)Bi,pL

where:

51(33) ~ gP ( ZH(m)ﬂi,H70i2,Hri,H(wa 13/)) )

and A; 1,(z) is a Gaussian process conditioned by a. Its distribution is the one of
[AiL(z)| A" = b, B, 01] where:



MULTI-FIDELITY SURROGATE MODELING FOR TIME-SERIES OUTPUTS 13

A (@)D ~ GP (f]L(®)Bi L. 07 rin(z. 2')) .

gi is a vector of ¢ regression functions, f; p(x) are vectors of pgp regression func-
tions, r; p(x, ') are correlation functions, f§; r is a pp-dimensional vector, Bi,pr, 15 &
g-dimensional vector and 0‘2-2’ p are real.

For the orthogonal part projected onto Sy the method is different. The hypothesis
is that the projection Zi-(z,t,) of Zy(z,t,) has a negligible influence on the projec-
tion Zi (x,t,) of Zu(x,t,). Our assumption is that Zi(z,t,) is a Gaussian process
with a tensorized covariance. The method we will use on Zi (x,t,,) is described in
Subsection 3.2.

The value N = 0 corresponds to full simple fidelity, in this case we use only
Gaussian process regression with covariance tensorization as in subsection 3.2. For
N = N, the dimension reduction is minimal and co-kriging is applied to all pairs
(A1, A;m) for i < Ny,. We will see that the optimal N is in fact positive but smaller
than Ng,.

5.2. Predictive mean and covariance. In this section we will first make a
quick reminder of the methods presented in Section 3. Moreover, with different as-
sumptions in the law of I' we will present the regression using the model and the
data.

Multi-fidelity of coefficients. As in subsection 4.3 we compute the N multi-fidelity
models of the first N coefficients of the expansion of the code output given I'. If we
apply the method proposed in subsection 3.1 we can therefore deduce the prediction
mean and variance. The independence of A; y(x,t) and A; y(z,t) given T allows to
generate N independent surrogate models. Consequently, (3.17) and (3.18) become
Equations (4.7) and (4.8). All parameters are computed as in Subsection 3.2.

Tensorized covariance regression. The orthogonal part of the regression is com-
puted using the method presented in subsection 3.2. The adaptation is that the
regression must be in subspace S’]%,. This does not have any consequence on the x

part but only on the ¢ part. Contrarily to Zﬂl(m,tu) only one surrogate model is
needed for Zx (z,t,,).
Given I', we define

N
(5.4) Zgis = Zobs — <Z ai,H(ﬁc)Fi(tu)> 7

u:l7 7Nt
x €Dy
where «a; i1 is given by Equation (4.3).

The first part is to compute the covariance matrices R; and R,. For R, we
assume that C, is chosen in the Matérn-5/2 class of functions. The function only
depends on the correlation length vector £;. The matrix R; is estimated as described
in Subsection 3.2 by the matrix R; given by:

R (2620 ) R (28— 24)

where Z=+ is the N; x N, matrix of empirical means ZATfl = NLZ;V:H (Zolbs)uj,
Vi=1,...,N, and u = 1,..., N;. Its range is indeed in Sy.

The mean of prediction is the sum of two terms, Z R, ', (z) which is Sy-valued
and B,u(z) also S3-valued because:
(5.5) B, = Z4,R,'F (FTR;'F) ",

obs
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with F the Ny x M matrix [f7(z®)]._, . Consequently, we have:

yoor, NH
(56) Zé_(m’ tu)wma Fa Na Zji)s ~ gP(:LL*(:B)7 R*(ma ml))

where the mean is given by (3.23) and the covariance by (3.24) with ZJ  as the
observed inputs. LOO estimation of the vector of correlation lengths £, given I' and
N is carried out by the method presented in Appendix A.

5.2.1. Dirac law of I". Here we assume that I" is known and its distribution is
Dirac at 7. Consequently as in Section 4, the model gives us that Zy(x,t) is a Gauss-
ian process by linear combination of independent Gaussian processes. Its posterior
distribution is completely determined if we can evaluate its mean and covariance.

Mean. The T';(t,) is constant and equal to ~;(t,). Consequently:

N

(5.7) Ea | Zh(@,t)IN] = 37 BalAiu(@)i(ta).

i=1

and
(5.8) Ez,.. [ZH(wvtu”Nv Em] = Ziil Eq [Ai’H(iL')]Fi(tu) +Ez,,. [ZIJ{_ (w»tU)|N7 ew] )

where E,, [A; u()] is given by (4.7) and Ez,_,_[Zi (2, t.)|N, €z] by (3.23).
Variance. The formula of the variance is:

(5.9) Va [Ain(@)Ti(1)] = Va [Ai ()] (1)

The uncorrelation of the coefficients A; p(x) gives Covq [A;u(x), Aju(z)] = 0,
for i # j and Cov, [A;u(x)yi(ty), Zif (z,t,)] = 0. The expression of the variance
becomes simple:

VZobs [ZH(:Evtu)‘N’e ] Zz IV [

17H(33)]%'(tu)2
+Vzob [ZH x, t |N £ ]

(5.10)

where V,, [A; u(x)] is given by (4.8) and Vz

obs

[Z5 (2, t,)| N, £5] is given by (3.22).
5.2.2. Empirical law of I'. Zy(x,t) is not a Gaussian process. However to
predict the output of the high-fidelity code and to quantify the prediction uncertainty
we are able to compute the posterior mean and variance of Zy(x,t).
Mean. We can decompose the process into two parts:
(5.11) Zu(m,t,) = Z)\ (@, t,) + Zik (. 1,).

The linearity of the expectation gives us:

(5.12) Egz,,.[Zu(®, tu)|N, la] ZEZobb ZH o)Li(tu)] + Ez,,, [Zﬁ(wat)|Na£w]-

The theorem of total expectation gives us:

(5.13) Bz, | Zh (@, t) V| = ZEZM JEa [Aiu (@)L,
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and therefore,

Bz [Zn (2, tu)|N, £] ZEZOM JEa[Ain(a)T]]

(5.14) + Ezobs [Ez.,. [Zi% (®,t,)| N, £z, T]|N, £,].

where Eq[A; 1 (z)|T] is given by Equation (4.7) and V, [Zj (2)|T] is given by Equa-
tion (3.23). Equation (5.14) is a combination of expectations of explicit functions of
I', which can be computed by Equation (4.6).

Variance. The theorem of the total variance gives us:

) Ve 20 (@) NG =V, Bz, (Zi (2,0 0N, ]|V, £a]
+Ez,.. [Vz,., [ZH (@, tu) [T, N, €] [N, £s]
The two terms of (5.15) are:
(5.16) Vzo. [Ez,.. [Zu (%, 10) [T, N, £ [N, £e] =
Vo Bz, [Zh (@8I0, N, ] +Ez,,, |2} (2,t,) ID.N| IN] °
and
Zoe [V Zors [Z1 (93 tu) T, N, £z] [N, £e] =
Ezobs [Vz,,. [Zi (®,tu) [T, N, £s] [N, £5]
(5.17) +Ez.,. [QCovzobS [Z” (@, t), Zi (x ,tu)|F,N,€m} |N,£m} :

+Ez. [Va [Zh .t 0.3 1]

The uncorrelation of the A4, y(x,t,) coefficients given I' gives
Cova [Aiu(x), Aju(x)|T] = 0 for i # j and Covz,,, [A;u(x)li(t.), Z (x, t,)|T] = 0.
This leads us to simplify Equations (5.16) and (5.17) into:

Vo [Ezu, [Za(@,0)ID N o)) = V., [Ea [Z5(@, 0)I0 N, o] N, €]
(5.18) + 300 Va,, [Ti(tu)Ea [Aiu(@)|T)
+Z i.j=13i%£5 COVZope [Li(tu) Ea [As 1 () [T, T (£u)Ea [A) 1 (2)|T]] ’
+2 Zz 1 COVZohq [F (tu)Ea [Al H( )lF] 7Ezobs [Zé_ (a}’tu)“-_‘v N, &B] |N7 lm]
and
(5.19)
Ezobs [VZobs [ZH (xvtu) ‘I‘7N7 Em“ Zobs [Vzom [ZH (:C t ) |I‘7N7 Em] |N7 Em]

N
+ Zi:l Ezobs [1—‘@( U)QVQ [At’ ( ) ‘F] |N7 ew]
The full formula of the variance can be expressed as :

VZ [ZH (m,tu) |N, Kw] = Vzobs []Ezobs [Zﬁ(a:,tu)|I‘,N,£w] |N,£w]
+Ez.,. [Va [Zik (z,t.) [T, N, £2] | N, £,]
+ X1 Vao [Filtu)Ea [Ain ()T
+ 30 Bz, [Ti(ta)?Va [4; () [T]]
+Z,j Lz C0VZan, (Ui (tu)Ba [As ()|, T (t0)Ea [A)n(2)[T]]
+23°N Covg,,, [T (tu)Eq [Aiu(x)T],Ez,,, [Zﬁ(m,tu)\F,N, 0] N, £5]

obs

(5.20)

where Vo [A4; i (x)|T] is given by Equation (4.8) and V, [Zj (x)|T] is given by Equa-
tion (3.24). Equdtlon (5.20) is a combination of expectations and variances of explicit
functions of T, which can be computed by Equation (4.6).
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5.3. Effective dimension. For the formula in Subsection 5.2 to be valid, N
must be fixed. We may choose N by a knowledge on the physical system or on the
code but it is impossible in most cases due to the high/low-fidelity differences. The
best solution is generally to determine NV by a K-fold cross validation procedure.

The criterium that we choose to maximize is:

2
S (an@®, )~ E [Za(@®), 6T, N, £, 250
NHV [ZH(.DH7 tu)] ’

(5.21)  Q¥(t,) =1

where V [211(Dy, t,,)] is the empirical variance of the observed values:

1 O 1 & 2
k=1 k=1

The procedure we propose starts with the dimension 0. For the case N = 0 the
surrogate model depends only on high fidelity regression.

- We compute the surrogate model for all N =0,..., N,

- We calculate the mean in t,, of Q% (t,):

N IR S
Qn = A Z Qn(tu)
u=1

At the end we compare the Q?\, values and the value N with the largest Q?\, is chosen.

6. Illustration: double pendulum simulator. The purpose of this section is
to apply the methods proposed in the previous sections to a mechanical example. The
example is based on a simulator of a pendulum attached to a spring-mass system. We
have two codes: the high-fidelity code numerically solves Newton’s equation. The low-
fidelity code simplifies the equation, by linearisation for small angles of the pendulum
motion, and solves the system.

6.1. Characteristics of the outputs.

The physical system. The system can be seen as a dual-oscillator cluster. The first
oscillator is a spring-mass system whose axis is perpendicular to the gravitational axis.
The parameters of this system are the mass of the system M and the spring stiffness
k. The initial position of the mass is denoted g, its initial velocity is 0. The second
oscillator is a pendulum. A schematic representation of the system is presented in
Figure 6.1. The parameters are the mass m and the length of the pendulum ¢, which
are fixed. The initial value of the angle is 6, and its derivative is f,. By Newton’s law
of motion, the dynamics is governed by a system of two coupled ordinary differential
equations (ODEs). However, we do not have a closed form expression that gives the
solution of the system. This forces us to use computer codes. The output signal is
the position of the mass m at time ¢ € {¢1,...,tn,} with Ny = 101. The input vector

isx = {M ,k,yo,ﬁo,go}. The input variables are assumed to be independent and

identically distributed with uniform distributions as described in Table 6.1.

The two different code levels. We propose two codes. The high-fidelity code nu-
merically solves the coupled system of ODEs by an Euler’s derivation of the position
y and the angle 0 for each ¢,. This gives functions 0(t,) and y(t,). The low-fidelity
code assumes that the angle of the § pendulum is small so that the linearisation of
sin(f) makes it possible to get an explicit form of the solution of the two coupled
ODEs.
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k M

Fi1cure 6.1. The double pendulum system with its parameters.

TABLE 6.1
Distributions of the input variables.

M| k | 6 | b | wo
.
4 bl

U10,12) [ U@;1.4) [ UG5

Code Analysis. A sensitivity analysis is carried out for information purposes, but
it has no use in the forthcoming surrogate modeling. We are thus able to determine the
effective dimension of our problem. We compare outputs of the high- and low-fidelity
codes and the associated Sobol indices on Figure 6.2. We estimate Sobol indices by
the method described in [27] and implemented in the R library [11] by using a Monte
Carlo sample of size 10° for each code. No surrogate model was used to estimate the
indices in Figure 6.2. The main result is that the two codes depend on the same input
variables. The four most important input variables are yo, k, M and 6.

6.2. Comparison between methods. The experimental designs used to com-
pare the methods are presented in [16]. They are constructed from two independent
maximin LHS designs with Ny = 10 and Ni, = 100 points. The low-fidelity design
is then modified so that the designs are nested. Only the points of the low-fidelity
design closest to the points of the high fidelity design are moved. To generate these
designs the R packages [6, 14| was used. The test design is composed of 4000 uni-
formly randomly chosen in the hypercube determined by the supports of the uniform
distributions described in Table 6.1.

In this section, we want to demonstrate the interest of the method presented in
Section 5. For this we will compare several methods:

e the simple-fidelity method using the SVD with high fidelity code as in [21]
and we have kept only the first Ny terms. This method will be called simple
fidelity method.

e the multi-fidelity method presented in Section 4 with a Dirac distribution of
T, called the multi-fidelity projection method.

e the multi-fidelity method that uses regression of the orthogonal part and the
distribution of T is Dirac at « the matrix of the SVD of the observed low-
fidelity code outputs. It prediction is computed as is Section 5 and called full
Dirac method.

e the multi-fidelity method presented in Section 5 with the empirical distribu-
tion, called full empirical method.
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Zi(x
0.0

Sensitivity analysis — High fidelity code

interactions

Sobol indices
Sobol indices

FIGURE 6.2. Comparison between low-fidelity (top left) and high-fidelity (top right) code out-
puts. Sobol indices for high- and low-fidelity codes (bottom left: high fidelity, bottom right: low
fidelity). For each time t in the time grid, we report the first-order Sobol indices and "interactions”
stands for the sum of the Sobol indices of order larger than 2.

The method we would like to highlight is the full empirical method.

Empirical basis. The law of T' needs to be determined in order to compute or
estimate the moments (4.11),(4.15), (5.14), and (5.20). The distribution of T' is the
empirical distribution described in Subsection 4.2.3. As shown by (4.6) it depends
on the size k of the random subset I. Here we choose k = 4. Because it is too
expensive to compute the sum over all (]\liL) different subsets {j1, ..., jx}, we estimate
the expectation (4.6) by an empirical average over n = 64 realizations I; of the random
subset I:

(61) E[(0)] ~ = 3" F(00,),
j=1

where (71], is the matrix of the left singular vectors of the SVD of

(zL(az(i),tu)) we{l,...,N;} - We have checked that the stability with respect to k is
i€{l,...,NL}\J;
conserved if 1 < k < ]\;L — Ng and the stability with regard to n is valid if n >

max (k,50). We tested the construction of the empirical basis for all k values in this
range and found that changes in & do not influence the basis.
The computational cost of calculating the basis is very important in particular
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FIGURE 6.3. Comparison between the methods in terms of time-dependent Q2. Averages over
40 random expertmental designs are computed. The colored fields represent the confidence intervals
determined by +£1.96 standard deviation. Here Ny = 10, N, = 100 and Ny = 101.

because it is impossible for us to calculate it for all subsets. A method to compute the
basis with only a cost of O(N?) is given in [20] whereas we compute it with O(NZN;)
by our method. The gain is however very small especially if Ny, < N; which is our
case. We have therefore not implemented this method in the results presented.

Prediction of the orthogonal part. A simple model for the a priori mean function
is M =1 and f(z) = 1. Consequently, FTR;'F =37, . {R;l}i,j.

Multi-fidelity regression of the coefficients. Our implementation of the multi-
fidelity regression is based on [14]. We use an informative prior for the regression
of the coefficients. For more information refer to [16, Section 3.4.4]. In this example
the size of the piors are ¢ = pr, = pg = 1. Considering the relation between the two
codes we chose b” = 1. The trend in supposed to be null consequently, bfl =by =0.

The variances are o1, = 0.5 and oy = 0.5 with Vlf = 2 and V;, = 2. The parameters
for the inverse Gamma distribution mr, = mg = 0.2 and ¢;, = ¢g = 1.5. We have
checked the robustness of the results with respect to the hyper-parameters of the
prior distributions. Alternatively, the article [19] presents non-informative priors for
the autoregressive co-kriging.

Prediction. In order to estimate the errors of the surrogate models, we calculate
their Q?’s and report them in Figure 6.3. To compute Q? for a model, we calculate
the difference between a validation set of size 4000 and the predictions of the model.
The validation set is not used to optimize the parameters of the surrogate models and
is randomly uniform over the input hypercube. We have averaged the estimates of
the Q? over 40 different experimental designs.

The first observation is that simple fidelity is far from good. This is a perfect
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FIGURE 6.4. Comparison between the predictions of the full method (left) and the dimension
reduction only method (right). The black solid line is the exact high-fidelity time series, the colored
solid line is the prediction mean and the dashed lines are the confidence intervals. In this ezample
the value of N obtained by cross validation is 8.

illustration of the need for multi-fidelity. The multi-fidelity projection method gives
us a very interesting result because the Q2 is almost always higher than 0.8. However,
in Figure 6.4 we can see that it does not capture the form of the times series. The Q>
of the Dirac and empirical methods are larger than the ones of the other methods.
The error is also less variable as a function of ¢. And the variance is much lower
for both methods. However, even if there is a difference between the Dirac and
empirical methods, it is not possible to say that the empirical method is better in this
application. The difference between the Dirac and empirical methods is small, in our
example.

The variance of the prediction is very important for the quantification of uncer-
tainty. All formulas are given in the previous sections and we illustrate the results
in Figure 6.4. We can see that the variance of the projection method is not accurate
and overestimates the quality of the prediction. This method is not acceptable for
prediction. The Dirac method and the empirical method have almost the same vari-
ance. If we compare to the variance of the projection method, it means that most of
the uncertainty relates to the orthogonal part. This leads to the conclusion that this
part is important in the regression.

In order to understand the interest of the method with covariance tensorization
for the orthogonal part we study in more detail the orthogonal part. First we study
the value of N. Here Ny = 12, the limit value is 12. We find that the optimal
value of N for 40 learning sets is between 8 and 10. Even when the value of Ny is
increased, N remains constant in the 8 to 10 range. This means that the low-fidelity
code can give reliable information on the high-fidelity code output projection into a
8-dimensional space. The high-fidelity code output is, however, higher dimensional
and it is important to predict the orthogonal part with a dedicated method, namely
the proposed covariance tensorization method.

7. Discussion. The objective of this work is to propose a method that generates
a surrogate model in the context of multi-fidelity and time series outputs with full
control of the quantification of uncertainty of the prediction. The method we propose
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Ficure 6.5. FEstimation of the different time-dependent prediction variance terms for the
empirical basis method.

is based on three main ingredients: dimension reduction, co-kriging, and covariance
tensorization. The model we present is based on multi-fidelity (co-kriging) regression.
By reducing the output dimension, multi-fidelity regression becomes possible. To
take into account all the information of the data sets, the part that cannot be treated
with the previous method is predicted by Gaussian process regression with covariance
tensorization.

First, we have presented different ways to build the basis that allows to represent
the code outputs, both high and low fidelity. Second, we have presented a model that
allows to estimate the high-fidelity code outputs from data collected from the high-
and low-fidelity codes. The combination of a multi-fidelity part and a single-fidelity
part with tensorized covariance is the central point of the proposed method. The
performance of our model has been tested on a mechanical example. We have been
able to use multi-fidelity in a very convincing way to build a robust surrogate model
better than any other method presented so far.

There are several ways to extend the method presented in this article. Sequential
experimental designs in a multi-fidelity context have already been dealt with by [17].
However, they deserve to be extended to the case of time-series outputs. We can
consider regression problems for more than two levels of code. It is conceivable in
this case to build several levels of bases which from code to code would improve the
basis and thus reduce the orthogonal part. In addition, high-dimensional outputs
are not different from time-series outputs as considered in this paper. It is therefore
conceivable to adapt this method to more general functional outputs.

Appendix A. LOO formula and discussion.

LOO without loop. In order to quickly minimize the LOO error with respect to
the vector of correlation lengths £; there exist formulas to evaluate £2(£,,) with matrix
products [2],[5]. The LOO optimization problem is equivalent to minimize a function
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fov(£s) given by:
—1 3 -1\ "2 p—
(A1) fev(te) = 2" Ry ! diag (Ry)') " Ry 'z,

where z is a vector that collect all the data.

Considering Equation (3.21) and the mixed-product property, the inverse of a
Kronecker product and the formula diag(A ® B) = diag A ® diag B the cost function
can be expressed as:

(A2)  fov(ly) =27 (R;1 diag (R;) R;l) ® (R_;l diag (R;1) R;l) 2.

However, the term in R; is impossible to calculate because R; is not invertible.

. 1\ 2 H— . .
R; ! diag (R; 1) R; ! can be approximated by I, in order to have a tractable prob-
lem. This assertion is equivalent to the hypothesis:

(A.3) R? = diag(R; )2

This assumption can be seen as the fact that the error is estimated by taking into
account only the spatial distribution of the covariance. Indeed, to calculate the error
only the matrix R, is used, even if the value of R; is calculated by maximum likelihood
later in the Gaussian process regression method.

Thus, the minimization described in Equation (3.29) makes it possible to calculate
the correlation lengths by minimizing:

(A4) fovle) ~ 2Ty, © (R;l diag (R;1) R;l) .

The main interest of this method is to give an approximate value of the error and
to make the optimization much faster.

Optimization with hypothesis (A.3). Efficient minimization algorithms require to
have the derivative of the function so that it does not have to be calculated by finite
differences. Thanks to the simplification (A.4) it is possible to calculate the derivative
of the LOO error [2]:

(A.5)
a%fcv(ew) =2:TIy, ® R; ' diag (R, ") (Rxl gf” RJ) diag (R; 1) ' Ry 'z
-2y, ® R, diag (R, ) 2 R! gfﬂ” Rz
with
(A.6) <3Rx,l) _ by (wry — xk,i)zh/s <|$kg - »Tlm|>
6&% ij |$k,j — xk,i| 2 ka
and
5)
/ [ —— j—
(A.7) h%(x) =—3¢ (1 + \/gac) exp ( \/595) .

The method used to calculate the value of £,, is the Nelder-Mead method with only one
starting point, because starting from more points will be more costly and the function
fov is close to quadratic consequently does not need multiple starting points.
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Loop LOO | Full LOO | Simplified LOO
coe | 7.0610°% [ 8721071 8.14 1071
time 18.41 s 3.47 min 0.17 s
TaBLE A.1

Benchmark of the different LOO optimization techniques for estimating the f(x,t) =
cos (4m(x2 + 1)t) sin (3wx1t) function using the separable covariance method. Loop LOO processes
the error by computing the approzimation, Full LOO processes the regularize analytic expression
and Simplified LOO processes the simplified one given by Equation (A.4).

Optimization without hypothesis (A.3):. When hypothesis (A.3) does not hold, a
way must be found to calculate £, without this assumption. By a regularization of the
matrix R; it is possible to calculate fov(£€e) and its derivative by Equations (3.29),
(A.2), and (A.8). However, the solution will be a regularized solution and not an
exact solution.

There are different types of regularization that allow matrices to be inverted. Two
methods have been investigated here. The first one is standard( Tilkonov regulariza-
tion):

(A8) RV = (RTR, +ely,) " Re.
The second one is:
(A.9) R7' = (R; +¢ln,)”

It has the disadvantage of being more sensitive to ¢ than the first one, which is why
it will not be used.
However, in the calculation of the determinant, this adjustrnent may have ad-

A

vantages. Indeed it gives: R; ' = VE—1UT Wlth Y1 = diag
decomposition gives for Equation (A.8) X7 =

whereas the same

g +E
. This is the reason why the

two adjustments presented are not used in the same case. Indeed ﬁ is less efficient
for the calculation of a determinant but more efficient for the calculation of the inverse
of Rt

— — —2 —
9 ol = 257 (Rtl diag (R;l) R,ﬂ)

0y,
(A.10) ®R; " diag (R; ") <Rzlgf >d1ag (V'R 2.
— —_— =2 —
2, T (R;ldiag (R;l) R;1> ® Ry diag (R;Y) R 125 R:'»

Equation (A.6) and Equation (A.7) are still valid.

This complete approach was compared to the LOO calculation using a loop. How-
ever, the calculation time of Kronecker products is too long compared to the calcu-
lation of the simple error with a loop. Moreover, the difference in the errors of the
different methods is negligible. Thus this solution is only recommended when the
calculation of Equations (A.2) and (A.10) is optimized.

Table A.1 shows that the gain in calculation time by the simplified method is
significant even though the error difference is very small. The extremely long time
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for the complete LOO is mainly due to an implementation of the Kronecker product
that is not very effective in our implementation.

Acknowledgments. The author thanks Pr. Josselin Garnier and Dr. Claire

Cannamela for guidance and advice.

1

2]
3l
[4]
(5]
[6]
(7]

(8]
(9]

[10]

(11]

(12]

(13]

[14]
[15]

[16]

(17]

(18]

[19]

20]

REFERENCES

. Aversano, A. BerLrLeEmans, Z. Li, A. CousseMENT, O. GICQUEL, AND A. PARENTE,
Application of reduced-order models based on PCA & kriging for the development of dig-
ital twins of reacting flow applications, Computers & Chemical Engineering, 121 (2019),
pp. 422-441.

. Bacnoc, Cross validation and mazimum likelihood estimations of hyper-parameters of

Gaussian processes with model misspecification, Computational Statistics & Data Analysis,
66 (2013), pp. 55-69.

. Conrti, J. P. GosLing, J. E. OakLEY, AND A. O’HAcAN, Gaussian process emulation of

dynamic computer codes, Biometrika, 96 (2009), pp. 663-676.

. Diaconis, What is a random matriz, Notices of the AMS, 52 (2005), pp. 1348-1349.

. DuBRULE, Cross validation of kriging in a unique neighborhood, Journal of the International
Association for Mathematical Geology, 15 (1983), pp. 687-699.

. Dupuy, C. HELBERT, AND J. FrRANCO, DiceDesign and DiceFEval: Two R packages for
design and analysis of computer experiments, Journal of Statistical Software, 65 (2015),
pp. 1-38, http://www.jstatsoft.org/v65/i11/.

. I. FORRESTER, A. SOBESTER, AND A. J. KEANE, Multi-fidelity optimization via surrogate
modelling, Proceedings of the royal society a: mathematical, physical and engineering
sciences, 463 (2007), pp. 3251-3269.

M. GiseLLE FERNANDEzZ-GoDINO, C. Park, N. H. Kim, anp R. T. HAFTKA, Issues in

deciding whether to use multifidelity surrogates, AIAA Journal, 57 (2019), pp. 2039-2054.

. GoH, D. BingHAM, J. P. HoLLoway, M. J. GrosskopPF, C. C. Kuranz, AND E. RUTTER,

Prediction and computer model calibration using outputs from multifidelity simulators,
Technometrics, 55 (2013), pp. 501-512.

. Grusic, A. MENAFoGLIO, G. YAaNG, AND J. CaEgrs, Cokriging for multivariate Hilbert
space valued random fields: application to multi-fidelity computer code emulation, Stochas-
tic Environmental Research and Risk Assessment, 32 (2018), pp. 1955-1971.

. Iooss, S. D. VEiga, A. JanoN, G. PuJoL, WITH CONTRIBUTIONS FROM BAPTISTE BrOTO,
K. Boumnaour, T. Derage, R. E. Amri, J. FrutH, L. GiLQuiN, J. GUILLAUME,
L. LE GraTIET, P. LEMAITRE, A. MARREL, A. MEYNAOUI, B. L. NELsoN, F. MoONARI,
R. OomEN, O. Rakovec, B. Ramos, O. Roustant, E. Song, J. Staum, R. SUEUR,
T. Touari, AND F. WEBER, sensitivity: Global Sensitivity Analysis of Model Outputs,
2020, https://CRAN.R-project.org/package=sensitivity. R package version 1.22.1.

M. KenNEDY AND A. O’HacaN, Predicting the output from a compler computer code when

fast approximations are available, Biometrika, 87 (2000), pp. 1-13.

. G. KRrIGE, A statistical approach to some basic mine valuation problems on the witwa-
tersrand, Journal of the Southern African Institute of Mining and Metallurgy, 52 (1951),
pp. 119-139.

LeE GratiET, MuFiCokriging: Multi-Fidelity Cokriging models, 2012, https://CRAN.
R-project.org/package=MuFiCokriging. R package version 1.2.

. LE GRATIET, Bayesian analysis of hierarchical multifidelity codes, SIAM/ASA Journal on

Uncertainty Quantification, 1 (2013), pp. 244-269.

. LE GRATIET, Multi-fidelity Gaussian process regression for computer experiments, phdthe-

sis, Université Paris-Diderot - Paris VII, Oct. 2013, https://tel.archives-ouvertes.fr/
tel-00866770 (accessed 2020-04-06).

. LE GraTIET AND C. CANNAMELA, Cokriging-based sequential design strategies using fast

cross-validation techniques for multi-fidelity computer codes, Technometrics, 57 (2015),
pp. 418-427.

. LE GRATIET AND J. GARNIER, Recursive co-kriging model for design of computer experi-

ments with multiple levels of fidelity, International Journal for Uncertainty Quantification,
4 (2014), pp. 364-386.

. Ma, Objective bayesian analysis of a cokriging model for hierarchical multifidelity codes,
SIAM/ASA Journal on Uncertainty Quantification, 8 (2020), pp. 1358-1382.

. MERTENS, T. FEARN, AND M. THOMPSON, The efficient cross-validation of principal com-


http://www.jstatsoft.org/v65/i11/
https://CRAN.R-project.org/package=sensitivity
https://CRAN.R-project.org/package=MuFiCokriging
https://CRAN.R-project.org/package=MuFiCokriging
https://tel.archives-ouvertes.fr/tel-00866770
https://tel.archives-ouvertes.fr/tel-00866770

[21] S
[22] D
[23] P
[24] G
[25] G
[26] J
[27] A
[28] T
[29] C

MULTI-FIDELITY SURROGATE MODELING FOR TIME-SERIES OUTPUTS 25

ponents applied to principal component regression, Statistics and Computing, 5 (1995),
pp. 227-235.

. NanTy, C. HELBERT, A. MARREL, N. PErROT, AND C. PRIEUR, Uncertainty quantification

for functional dependent random variables, Computational Statistics, 32 (2017), pp. 559—
583.

. Nerini, P. MonEsTIEZ, AND C. MANTE, Cokriging for spatial functional data, Journal of
Multivariate Analysis, 101 (2010), pp. 409-418.

. PERDIKARIS, M. Raissi, A. Damianou, N. D. LawRreNCE, AND G. E. KARNIADAKIS,
Nonlinear information fusion algorithms for data-efficient multi-fidelity modelling, Pro-
ceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences, 473
(2017), p. 20160751.

. PERRIN, Adaptive calibration of a computer code with time-series output, Reliability Engi-
neering and System Safety, 196 (2020), p. 106728.

. PiLania, J. E. GuBERNATIS, AND T. LookMaN, Multi-fidelity machine learning models
for accurate bandgap predictions of solids, Computational Materials Science, 129 (2017),
pp. 156-163.

. RoOUGIER, Efficient emulators for multivariate deterministic functions, Journal of Compu-

tational and Graphical Statistics, 17 (2008), pp. 827-843.

. SavreLnr, P. Annoni, I. Azzini, F. Camporongo, M. RarTo, AND S. TARANTOLA,
Variance based sensitivity analysis of model output. design and estimator for the total
sensitivity indez, Computer physics communications, 181 (2010), pp. 259-270.

. J. SANTNER, B. J. WiLLiams, W. NoTz, anD B. J. WiLLiams, The design and analysis
of computer experiments, Springer, New York, NY, 2003.

. K. WiLriams anp C. E. RasMUSSEN, Gaussian processes for machine learning, MIT press
Cambridge, MA, 2006.



	Introduction
	Statement of results
	Gaussian Process regression
	Multi-fidelity Gaussian process regression
	Gaussian process regression for functional outputs

	AR(1) multi-fidelity model with projection
	Model
	Basis
	Dirac distribution
	Uniform distribution
	Empirical distribution

	Predictive mean and variance
	Dirac law of Gamma
	Empirical law of Gamma

	Truncation

	AR(1) multi-fidelity model with tensorized covariance and Projection
	Decomposition
	Predictive mean and covariance
	Dirac law of Gamma
	Empirical law of Gamma

	Effective dimension

	Illustration: double pendulum simulator
	Characteristics of the outputs
	Comparison between methods

	Discussion
	Appendix A. LOO formula and discussion
	Acknowledgments
	References

