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Highlights

e The paper presents a new method for simulating multi-dimensional random fields by Karhunen—Logve expansion.
e The proposed method is embedded into the well-established framework of K-L expansion for simulating stochastic process.
e Four examples illustrate the effectiveness of the proposed method.

Abstract

The Karhunen-Loeve (K-L) expansion method is a powerful tool for simulating stationary and nonstationary, Gaussian and
non-Gaussian stochastic processes with explicitly known covariance functions. Since the K-L expansion requires the solution
of Fredholm integral equation of the second kind, it is generally not feasible to simulate multi-dimensional random fields. This
is because even the numerical solution of the Fredholm integral multi-dimensional eigenvalue problem is difficult to obtain. In
order to address this problem, this paper develops a consistent generalization of K-L expansion for multi-dimensional random
field simulation. The new method decomposes an n-dimensional random field into a total of n stochastic processes, each can
be represented by using the traditional K-L expansion. Thus, the developed method is embedded into the well-established
framework of the K-L expansion for simulating stochastic process, and obviating the need for solving the multi-dimensional
integral eigenvalue problems. Four examples, including random fields with different kinds of covariance functions, are used to
demonstrate the application of the proposed method.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

In stochastic engineering problems, the proper consideration of the input variability is crucial to obtain an accurate
and reliable solution. A large number of these problems involve uncertainty quantities which should be modeled as
multi-dimensional random fields. The use of multi-dimensional random fields gained momentum due to the continued
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increase in available computational resources and nowadays is commonly used in many disciplines [1-3]. Several
examples can be found in various fields of engineering. For instance, a number of common excitations, such as seismic
ground motion, water velocity due to random waves, and wind velocity, can be reasonably modeled as random fields.
For each of these environmental loads one often needs to use a multi-dimensional random field model to consider
spatially correlated vector time histories of motion occurring simultaneously at different locations. In practice, it will
often be the case that an amount of real realization of a random field are required. This is because the solution of
practical engineering problems is often obtained through Monte Carlo simulation (MCS), in which the simulation of
sample realizations of multi-dimensional random fields is one of the most important stages [4—6]. On the other hand, in
the context of stochastic finite element analysis of structures, the discretization of continuous random fields becomes
necessary. For computational purposes, the discretization must represent the continuous random field with sufficient
accuracy with as few random variables as possible [7-9]. As a consequence, the simulation and discretization of
multi-dimensional random fields is of practical and theoretical importance.

According to [10], the two most widely used approaches for simulating one-dimensional random field, known
as stochastic process, are based on the spectral representation (discretization in the frequency domain) or on the
Karhunen-Loeve (K-L) expansion (discretization in the physical domain, e.g., time or space). Although the former has
been successfully extended for simulating multi-dimensional random fields, e.g.,[11], the present paper is focused on
method that based on K—L expansion since it is a powerful tool for representing stationary and nonstationary, Gaussian
and non-Gaussian stochastic process with explicitly known covariance functions [12-14]. Since K-L expansion is
optimal among series expansion methods in the global mean square error with respect to the number of random
variables in the representation, it has received much attention in many disciplines. For instance, the K-L expansion
(also known as proper orthogonal decomposition in most of the turbulence literatures) has become a standard tool
for extracting the most energetic modes from a fluctuating velocity field that define the coherent structure of the fluid
flow [15]. In structural dynamics and random vibration, it has been applied to identify the modal shapes of two- or
three-dimensional structures having nonhomogeneous density [16,17] and to determine the stochastic response and
reliability of nonlinear system [18-20]. In optimization problems, the K-L expansion has been successfully applied
to assess the input variability associated to design spaces in shape optimization and build a reduced-dimensionality
representation of the shape modification vector [21,22]. In stochastic finite element analysis, it has been widely used
to discretize the random fields representing the randomness of structures and excitation [8,10]. It is worth mentioning
that the implementation of K-L expansion requires the solution of a Fredholm integral equation of the second kind
with the covariance function of the stochastic process as the integral kernel. Although only a limited number of
analytical eigen-solutions are available, the solution of the integral equation can be numerically approximated for
stochastic processes with arbitrary covariance functions [23-25]. However, for the multi-dimensional random fields,
it is generally not feasible to obtain the numerical solution of the Fredholm integral multi-dimensional eigenvalue
problem [26-28]. This is why, in the last few years, most applications of K-L expansion only focus on simulating
stochastic process. For random fields that are defined on two- and three-dimensional domains, the finite element
method becomes the only available method for the discretization of the multi-dimensional integral eigenvalue
problems [10,29]. However, on two- and especially three-dimensional random field domains, the generation of a
finite element mesh is an involved task and the computational costs become expensive [7].

Borrow the idea that proposed by the present authors for handling the multi-dimensional moment-constrained
maximum entropy problem [30], this paper develops a consistent generalization of K-L expansion for multi-
dimensional random fields simulation. The new method expands an n-dimensional random field into a one-
dimensional stochastic process and an (n — 1)-dimensional random field, the obtained (n — 1)-dimensional random field
is further decomposed into a new one-dimensional stochastic process and an (n — 2)-dimensional random field. By
repeating the above process, the original n-dimensional random field is decomposed into a series of one-dimensional
stochastic processes step by step, each can be represented by using traditional K-L expansion. Thus, the developed
method is embedded into the well-established framework of the K—L expansion for simulating stochastic process, and
obviating the need for the finite element method for solving the multi-dimensional integral eigenvalue problems.

The paper is organized as follows: the traditional K-L expansion is briefly introduced in Section 2, followed by
the developed method for simulating multi-dimensional random fields. Four illustrative examples are finally given in
Section 4 to demonstrate the application of the proposed method.
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2. K-L expansion of one-dimensional random process

The Karhunen-Loeve expansion is a series expansion method for the representation of the random process. The
expansion is based on a spectral decomposition of the covariance function of the process. It states that a second-order
random process w(t, #), which is indexed on a bounded domain D, can be represented exactly by the following
expansion

w(t, 0) = W)+ Y _ v/ n€a(0) fu(1) (1)
n=1
where w(¢) is the mean function of the process, &,(0) are standard normal uncorrelated random variables, and A,, and
[ (¢) are the eigenvalues and eigenfunctions of the covariance function C(#;, ;) of the process, obtained from solving
the following homogeneous Fredholm integral equation of the second kind:

/DC(ﬁ, 1) fa(t)dty = Ay fu(12). ©))

Since the covariance function is bounded, symmetric and positive definite, C(1, #,) has the spectral decomposition as

oo
Clt1, ) =Y hnfult)) fu(t2). 3)
n=1
According to Mercer’s theorem, the eigenvalues A, are nonnegative, the eigenfunctions corresponding to positive
eigenvalues are continuous and orthogonal to each other, i.e., fD [ (@) fin()dt = 8,1, Where §,,,, is one if n = m and
zero otherwise. The random variables &,(0) in Eq. (1) are expressed as

1
6:0) = —= [ twe.6)— a1 £, 0 dr o)
}\n D
with mean and covariance function given by

E[§,(0)] =0, E[£(0)5n(0)] = Sum- (&)

Obviously, the use of K-L expansion with orthogonal deterministic basis functions and uncorrelated random
coefficients has generated interest because of its bi-orthogonal property. This allows for the optimal encapsulation
of the information contained in the random process into a set of discrete uncorrelated random variables [31,32]. For
practical implementation, the K-L expansion can be approximated by sorting the eigenvalues 1, and the corresponding
eigenfunctions f; () in a descending order and truncating the expansion after M terms:

M
B(t,0) = (1) + Y/ €a(0) f(0). 6)
n=I1
For fixed M, the resulting random process approximation w(z, ) is optimal among series expansion methods with
respect to the global mean square error [10]. The covariance of w(z, 0) is given by

M
Clti, ) =) hnfult)) fa(t2). (7)

n=1

3. Simulation of multi-dimensional random fields by K-L expansion

It is known that the application of K-L expansion for simulating random fields hinges crucially on the ability to
solve the integral eigenvalue problems of the type given in Eq. (2). Analytical solutions can be obtained only for
specific types of covariance functions. For random fields with arbitrary covariance functions defined on domains of
complex geometrical shape, the solution of the integral eigenvalue problems needs to be approximated numerically.
For the covariance functions defined on multi-dimensional domain, one has to solve the corresponding multi-
dimensional Fredholm integral equation, which is a challenging problem. In order to avoid numerically solving the
multi-dimensional integral eigenvalue problem in the simulation of a multi-dimensional random field, we develop
a new method on the basis of traditional K-L expansion. We describe the new method by using a 2-dimensional
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Fig. 1. Relationship between Dj(x) and D.

random field in Section 3.1, and then generalize the method for simulating an arbitrary n-dimensional random field
with explicitly known covariance function in Section 3.2. The efficiency of the proposed method is finally discussed
in Section 3.3.

3.1. Simulation of a two-dimensional random field

Consider a two-dimensional random field w(x, ¢, 8) that defined on a probability space ({2, A, P) and indexed on
a bounded domain D. Without loss of generality, we assume that the field has a zero mean and a finite covariance
function C(xy, x5, t1, t2), which is bounded for all x,¢ € D. Fix the position vector, i.e., x; = x, = x, then the
covariance function C(xy, x», t;, t;) becomes a ‘quasi’ one-dimensional function C(x, t, #;), and in this case the
random field w(x, ¢, 6) can be expanded as

wx, 1,60) = Y E,(x, 0)y/An(x) (2, X) ®)
n=1

where A, (x) and f,(¢, x) are the eigenvalues and eigenfunctions of the covariance function C(x, t;, f;), respectively.
Note that both A,(x) and f,(¢, x) are functions of the position variable x. By definition, C(x, #;, ;) is bounded,
symmetric and positive definite. Therefore, it has the spectral decomposition as

Clx, 11, ) =Y hn(x) foltr, %) fo(t2, ). ©)

n=1

The eigenvalues and eigenfunctions of C(x, 1, f) are solutions of the following Fredholm integral equation:
| et fitnndn = 00 (10)
D)

where D (x), the sub-domain of D, is dependent on the position variable x. Fig. 1 geometrically describes the relations
between D) (x) and D. The eigenfunctions are orthogonal and form a complete set satisfying

/ fn(tvx)fm(t’ x)dtz(snm' (11)
Di(x)

It can be seen that the parameter £, (x, 8) in Eq. (8) is the function of position variable x and hence can be considered
as a stochastic process. Thus, &,(x, 6) can be expressed as

1
v )\n(x) Di(x)

with mean and covariance function given by

E[£:(x,0)] =0, E[5(x,0)8n(x,0)] = um. (13)

En(x,0) = w(x,t,0)f,(t, x)dt 12)
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Obviously, as long as this intermediate one-dimensional stochastic process &,(x, 8) is simulated, the original two-
dimensional random field w(x, ¢, 8) can be represented just by using the expansion in Eq. (8). Hence, it is required to
explicitly derive the covariance function of &,(x, 8) so that this process can be simulated by means of K-L expansion.
To implement this, we denote H,(x;, x;) as the covariance function of &,(x, 6). By substituting Eq. (12) into the
definition of a covariance function, H,(x1, x,) is derived as

Hy(x1, x2) = E[§4(x1, 0)8n(x2, 0)]

w(xy, t1, 0) fu (1, x1) dty

1
=E|——
|:\/)"n(xl) '/Dl(xn
1
VAR (XA (x2) //Dlocl)wl(xz)

1
m '/:Dl(xz) w(x2, 2, 0) f (2, X2) dt2:|

14
E[w(xy, t, Ow(xy, 2, )] fo (t1, x1) fu (2, X2) dt1dty 19

Nt ||
—_— C(xy, x2, t1, 1) fu (11, X1) fo (2, X2) dtidty
An(x1)A, (x2) Dy (x1)xDy(x2)

where E[-] denotes the mathematical expectation. Thus, this intermediate stochastic process &,(x, 6) in Eq. (8) can be
simulated by using the K-L expansion as

o
En(x,0) = k()T i (¥) (15)
k=1
where p,; and g,:(x) are eigenvalues and eigenfunctions of the covariance function H,(x, x»), a solution of the
integral eigenvalue problem:

Hy(x1, X2)8nk (X2) dX2 = fnkgnic (X1) (16)
Dy
and 7,,(0) is a set of uncorrelated random variables satisfying E [1,x(6)] = 0 and E [, (0)1,,:(0)] = 6.
Thus, by substituting the representation of &,(x, 8) in Eq. (15) into the K-L expansion as given in Eq. (8), the
original two-dimensional random field w(x, ¢, 6) is expanded as

oo oo
W, £,0) =YY k(O An () fults X) o/ Tnk 8k (). 17
n=1 k=1
The covariance function of the field w(x, ¢, 8) has the following spectral decomposition:
o0 oo
Clxr, X2, 11, 1) = DY A0 An(x2) f (1, 50) 2, X2) bk Gk (1) gk (62)- (18)
n=1 k=1

As a summary, the two-dimensional random field w(x, ¢, 6) is firstly decomposed into a set of deterministic functions
and corresponding one-dimensional random processes, and these obtained intermediate random processes are then
expanded by K-L expansion one more time. In this way, the original two-dimensional random field is represented just
by using traditional K-L expansion twice.

For the autocorrelation function of §,(x, 6), since the position vector is fixed as x; = x; = x, §,(x1, 0) and &,(x, 0)
can be considered as random variables. Thus, H,(x, x) can be derived as

H,(x, x) = E[§(x, 0)§(x, 0)]

1
= // C(x, t1, ) fult1, X) fu(t2, x)dt1dty
An(X) Dy(x)x D (x)
1

= [/ Cx, 1, tz)fn(tlvx)dt1:| Ja(t2, x)dt.
An(X) I,y LDy ()

By substituting Eq. (10) into Eq. (19), H,(x, x) can be further simplified as

19)

H,(x, x) = E [£,(x, 0)8,(x, 0)] = f Ju (12, ) fu (t2, x) dty = 1. (20)

Di(x)



226 Z. Zheng, H. Dai / Comput. Methods Appl. Mech. Engrg. 324 (2017) 221-247

Obviously, Eq. (20) coincides with the property that given in Eq. (13). In addition, since the cross-correlation function
of &,(x, #) and &,,(x, 0) can be derived as

E [£,(x, 0)&,(x,0)] = E [Z UGN/ gnk<x>2nmz<9)~/_um gmz(x)}
@1

3L

Z E nnk(e)nml(g)] A/ ,unk,umlgnk(x)gml(x)'

k=1 I=1

~

If the condition

E [nnk(e)nml(e)] = Snmékl (22)
is satisfied, then Eq. (21) reduces to

E [£,(x, 0)En(x, )1 = D > E [0k (Ot (0] o/ Fork Fomt Gk (X) g1 (X)

k=1 I=1

= Z Z 8nm 8kl ~ Monk Ml 8nk (x)gml(x) (23)

k=1 I=1

)
) m Z:ufnkgik(x) = Sann(x9 x) = 8nm'
k=1

Thus, Eq. (23) also coincides with the property that given in Eq. (13).
3.2. Simulation of a multi-dimensional random field

The expansion that proposed in Section 3.1 can be straightforwardly extended to three- or multi-dimensional
random fields simulation. For a zero-mean three-dimensional random field w(x, y, ¢, 6), following the way for
expanding a two-dimensional random field in Section 3.1, we firstly fix the position vector x; = x, = x and
y1 = y» = Y, and determine the eigenvalues and eigenfunctions of the ‘quasi’ two-dimensional covariance
C(x,y, 1, 1), the corresponding random coefficients would be a set of intermediate two-dimensional random fields.
Since these intermediate random fields can be further expanded by using the method that given in Eq. (17), the original
three-dimensional random field w(x, y, ¢, ) can be finally represented by

oo o0 o0
wie, v, 1,60) = Y hiCe 0 filt %, 3) Y1k (08 (6 ) D ik 0) Vi pijic(y)- (24)
i=1 j=1 k=1
In order to concisely generalize Eq. (24) to a multi-dimensional case, it can be rewritten in a more unified form as

wxr, X2, X3, 0) = /i (02, %3) iy (51, %2, X3) Y3/ higin (63) fiyin (%2, X3) D iy OO0 Ry Fiyiis (X3)- (25)

i1=1 ir=1 i3=1
Thus, the notations in Eq. (25) can be easily extended to represent an arbitrary n-dimensional random field
w(xy, ..., x,; 0)as:

oo oo
U)(.XI, cees Xy 9) = Z )"il(xZ’ ceey xn)ﬁl(-xlv ceey xn) Z vV )"iliz(x?}? ceey -xn)ﬁliz(x27 ceey xn)

i1=1 ir=1 (26)
Z [ iy Q) Fiyoiy (et ) Z it s Oy Ny iy ()
in—1=1 ip—1=1
where subscript n represents the nth dimensionality. The covariance function of w(xy, ..., x,; 0) has the following

spectral decomposition
C(x11, X12, X215 X225 + + -, Xnl, Xn2)
[o.¢]

= Z Vi (ats oo XD (22, oo X2) iy (K11 ooy Xn1) iy (K12, -y Xn2)

i1=1
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o0
X Z VA 031, - ooy XnDhiyin (632, oy Xn2) fiyin (X2t s X)) fiyin (K22, <+ X2)

ir=1

o0
X - Z \/)\ilwin_l(xnl))\ilwin_l(an)ﬁ|~~~i,,_1(xnfl,l»xnl)ﬁyuin_](xnfl,%xn2)

in—1=1

XD Ky Fiy i ) fiy iy (En2)- 27)

in—1=1

In this way, an n-dimensional random field is expanded to a total of n one-dimensional stochastic processes step
by step, each can be represented by using traditional K-L expansion. Note that the limits of each summation in
Egs. (26) and (27) are from one to infinity. Since each summation means one round of K-L expansion for simulating
the corresponding one-dimensional stochastic process, the series in each summation can be approximated by a finite
number of terms, just like the cases in Eqs. (6) and (7) as

M My
DO, - X3 0) = Y iy O ) fiy (01 ) Y iy (B X)) fiyi (2 )

i1=1 ir=1 (28)

in_1=1 in=1
and the corresponding covariance function is approximated as

C(x11, X12, X21, X225+ + 5 X1, Xn2)

M,
= Z Vi Gty ooy XD (02, ey X02) fr (X1 ey Xnt) iy (K12 ey Xn2)

i1=1

M,
X Z VA (31, ooy XaDhiyiy (032, oy Xn2) fiyig (X2t s Xa1) fiyig (K224« X2)
=1 (29)

My,
- X Z \/)"il-"in,l(xnl))‘*il---in,l(-xnz)f‘iln-in,l(xnfl,laxnl)\fl’l“-in,l(xnfl,z’-xnz)

in—1=1

My
X Z Aiyecii JiyooinGn1) S eein (Xn2)-

in—1=1

For sufficiently large M;,i = 1,2, ..., N in each summation, the second-moment properties of the set of intermediate
stochastic processes can be approximated by the second-moment properties of the corresponding K-L representation,
and the accuracy of each round of K-L approximation depends on the value of M;. As has been proved in [10], the
mean square error resulting from the K-L truncation is minimized, the truncated series in each summation is thus
converge to the corresponding one-dimensional stochastic process with optimal representation. Once the intermediate
process of the first dimension has been represented by the corresponding truncated K-L representation, the K-L
approximation of the next-dimensional intermediate process will also converge with minimum mean square error.
In this sense, the K—L expansion in Eq. (28) is optimal with respect to the mean square approximation error. Take
the representation of the two-dimensional random field in Eq. (17) as an example, once the intermediate stochastic
process &,(x, 0) can be represented by truncating the K-L expansion in Eq. (15) with k = M, terms, the summation
of finite series in Eq. (8) (i.e., n = M) can be used to approximate the original random field w(x, ¢, 8) with minimum
mean square approximation error.

3.3. Computation of the covariance of intermediate stochastic process

It has been shown that a total of n intermediate one-dimensional stochastic processes are produced during the
process for simulating an n-dimensional random field. Obviously, Eq. (26) or Eq. (28) can be employed only when
all of these one-dimensional stochastic processes are simulated. In this section, we will take the two-dimensional
random field w(x, ¢, #) as an example to develop an effective method for simulating the intermediate one-dimensional
stochastic processes and then generalize the method to multi-dimensional case.



228 Z. Zheng, H. Dai / Comput. Methods Appl. Mech. Engrg. 324 (2017) 221-247

Recall that the covariance function H,(x;, x;) of the intermediate one-dimensional stochastic process &,(x, 0) in
Eq. (14) involves the term 1 , which are functions of variables x; and x,. This may lead to ill-posed condition

A/ An(x1)2n (x2)

in the computation of H,(x;, x;) because /A, (x;) and «/A,(x,) are in the denominator of H,(xy, x»). In order to avoid
this problem, we consider a new one-dimensional stochastic process /A, (x)&,(x, 0) instead of &, (x, 6). From Eq. (14),
the covariance of the new process /A, (x)&,(x, 6) can be easily derived as

Ror1,02) = E [VanGeDga(xr, 0/ (8 (32, 6)

(30)
= // C(xy, x2, t1, 1) fu(t1, x1) fu(t2, X2)dt1dty
Di(x1)xD1(x2)

where R,(xj,x;) denotes the covariance function of the process +/A,(x)&,(x,6). Compared R,(x|,x;) with
H,(x1, x,), it is not difficult to find that the only difference between these two covariance kernels is that the
term 1 in H,(xy, x») is diminished. Once the covariance R,(x[, x») is determined, the stochastic process

A/ An(x1)An(x2)
VA (x)&,(x, 8) can be simulated by using K-L expansion as

Van (0, 0) =Y fink (O Bk G (X) 31
k=1
where [i,; and g, (x) are the eigenvalues and eigenfunctions of the covariance R, (x|, x»), satisfying

/ R (x1, X2)gnk(x2)dx2 = fLnk&ni(X1) (32)
Dy

and 7),4(6) is the corresponding set of uncorrelated random coefficients. Thus, by substituting Eq. (31) into Eq. (8),
the K-L expansion of the two-dimensional random field w(x, ¢, 6) in Eq. (17) can be rewritten as

wie, £,0) =YY 7wk (0) fult, )Y Fonk Gk (x) (33)

n=1 k=1

and the covariance function in Eq. (18) is accordingly simplified as

[o.¢] oo
Clrr, X, t1 ) = D fultr, x1) fate, X2) ik Bukc (061) Ek (X2). (34)
n=1 k=1
Obviously, due to the simplified form of the covariance kernel, the Fredholm integral equation in Eq. (32) is much
easier to solve than that in Eq. (16). As a result, the expansion in Eq. (33) is more effective than that in Eq. (17) for
two-dimensional random field simulation.

The above method for efficiently computing the covariance function of the intermediate one-dimensional stochastic
process, and the subsequent Fredholm integral equation, can be straightforwardly extended to the multi-dimensional
random field simulation. For an arbitrary n-dimensional random field w(x, ..., x,; 6), the expansion in Eq. (26) can
be rewritten as

oo oo
WL, X 0) = ) fiyOen s %) D frin (2, X)
i1=1 ir=1 (35)

in—1=1 in—1=1

with the covariance function simplified by

C(X11, X125 X21, X22, + + + 5 Xn1s Xp2)
o0 o0
= Z St - ) fiy (X125 -4 5 Xa2) Z Siria G2ty ooy X01) fiyin (K22, - -+, Xp2)
i=1 ir=1 (36)
o0 o0

in—1=1 in—1=1
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By using the truncated K-L expansion in Egs. (28) and (29), Egs. (35) and (36) can be, respectively, approximated by

My My
By, X 0) = Y fii (e X)) D frin (e X)
i1=1 ir=1 (37)

in—1=1 in=1
and

C(x11, X12, X21, X225 - + 5 X1, Xn2)

M M,
= Z Sierns oo X)) fiy (K12, - Xn2) Z Siia 21, <oy X)) figin (K22, - -+ Xn2)
i1=1 ir=1 (38)
My, My,
X ﬁ] ~~~~~ in_l(-xnfl,l» xnl)ﬁyni,l_l(xnfl,Z’ -xnz) Z )"i|~~~inﬁ1~~~in (-xnl)ﬁlwi,, (an)-

in—1=1 in_1=1

Specifically, in the simulation of a two-dimensional random field w(x, ¢, ), Egs. (33) and (34) can be accordingly
approximated by

M, My
B, 1,0) =D fult, ) D T (O ink 2k (%) (39)
n=1 k=1
and
My My
Clrr, X, t1,0) = Y fultr, x0) fulta, X2)fnk Gnk (1) Znk (x2). (40)
n=1 k=1

Compared with Eq. (28), Eq. (37) is more applicable for simulating an n-dimensional random field not only
due to its simplified form, the more important reason is that the Fredholm integral equation with the covariance
kernel R,(x, x;) is more easy to solve than that with the kernel H,(x;, x;). Therefore, Eq. (37) is proposed as
a general formula to represent multi-dimensional random field in practice. The general procedure of the proposed
method for simulating an n-dimensional random field is firstly to fix the position vector to determine the eigenvalues
and eigenfunctions of the corresponding quasi covariance function, and then to construct the covariance function
R, (x1, x;) of the intermediate (n — 1)-dimensional random field according to Eq. (30), and finally solve the integral
eigenvalues problem that associated with the kernel R,(x;, xp). When the above process is repeated by n times,
the original n-dimensional random field is decomposed into a total of n one-dimensional stochastic processes, each
can be represented by using the traditional K-L expansion. In this way, the proposed method is embedded into the
well-established framework of the K—L expansion.

4. Numerical examples

In this section, four illustrative examples are provided to examine the effectiveness of the proposed method. The
first two examples consider a stationary and a non-stationary two-dimensional random field with separable covariance
function. Note that in such cases, the traditional K-L is also available for simulating the random field by assuming
that the eigenfunctions possess the separate structure. In order to investigate the performance of the proposed method
for simulating a more general random field, examples 3 and 4 consider the two-dimensional random field with non-
separable covariance. In all examples, the results of the proposed method are compared with the exact solutions.

4.1. Example 1: Stationary random field with separable covariance

The first example considers a zero-mean two-dimensional random field w(x, #, 8) with covariance function
given by

1 1
Clxp,x,ti, ) =0 —dxi—t)A—d|xs =1, |lxi —t] € [0, 3i| X2 — 0] € |:0, E] 41)
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where d is a parameter that is used to adjust the distance |x; — #;|, i = 1, 2 of null correlation between w(xy, #, )
and w(x,, 1, 0). In this example, d is adopted as one. To implement the proposed method to simulate w(x, ¢, ), we
firstly fix x; = #; = x to obtain a ‘quasi’ one-dimensional covariance as

Clx,x,)=1—|x2 —t2], |x2 — 2] € [0, 1] (42)

and determine the eigenfunctions of the covariance C(x, x,, t;). Consider realizations of the corresponding process on
interval [0, 1], then according to Eq. (10), the homogeneous Fredholm integral equation of kernel C(x, x;, f,) becomes

1
f [1 — |x2 — 12l] fi(x2, X)dx2 = i (x) fi(E2, X). 43)
0
The closed-form solution of Eq. (43) can be found in [10] as
cos w;t
filt,x) = —— (44)
1 sin 2w;
E Zw,-
where
i, i=2k—1
L= 2
@i ,i = 2k. 45)
tan w; /2

Once the eigenfunctions of the covariance C(x, x3, ;) is obtained, we then need to determine the covariance function
of the intermediate process «/A;(x)&,(i, ) that corresponds to the eigenfunctions f;(f, x) in Eq. (44). According to
Eq. (30), the covariance R;(xy, t;) can be easily derived as

Ri(x;,t1) =1—|x1 —t1]. (46)

Thus, based on the analytical solution of the integral eigenvalue problem of type given in Eq. (43), the eigenvalues
and eigenfunctions of R;(x1, t;) are given as

5 2 - Cos w;jx
Rij =~ 8ij(X) = ——— 47)
w?. 1 sin 2w j
Y 2 2w,~_,'
where
jm, j=2k—1
C— oy — 2
wij = wj ,j = 2k. (48)
tanw;/2

The random variables 7;;(#) that correspond to the eigenvalues fi;; can be determined by using the method given in
Eq. (4). Thus, by substituting Egs. (44) and (47) into Eq. (39), the random field w(x, ¢, 6) is represented by
My M
N . /i Cos w;t cos w;ix
Bx,1,0) =2 " 7j;(6) c : (49)
i=1 k=1 \/C()j (w; + sin2w;) (w; + sin2w;)

In this example, the number of the terms that retained in Eq. (49) is adopted as M| = 5, and M, = 5. Fig. 2a and
b show the first 6 eigenfunctions f;(¢, x),i = 1, ..., 6 and eigenvalues associated with the covariance kernel as given
in Eq. (41). Since the eigenfunctions g;;(x) and eigenvalues fi;; of covariance R;(xi, ;) have the same structure as
those given in Eq. (44), they also can be described by Fig. 2a and b. Figs. 3—5 show the exact covariance function,
the approximated covariance, and the associated errors at the position x = x; = ¢ = 0.5,t =t =1, = 0.7, and
x1 = 0.2, x; = 0.6, respectively. It can be seen that for all these cases, the approximations of covariance function
based on Eq. (40) agree well with the exact covariance, illustrating the effectiveness of the proposed method.

We emphasize that, in this example the random field w(x, t, ) can be also represented by the traditional K-L
expansion since the covariance function in Eq. (41) is separable. If the traditional K-L expansion is used to simulate
w(x, t, 0), the following two-dimensional Fredholm integral equation

/ CCxr 0, 1, ) s 1)1y = o (2, 12) (50)
D
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Fig. 2. The first six eigenfunctions and eigenvalues of the covariance in example 1.

has to be solved. According to [33], we assume that the eigenvalues and eigenfunctions are also separate, that is,

fubrx) = fP00 ) h = A0AP. (51
Then, Eq. (50) becomes
MY FP P P 0n) = f (A =1 = nl) £ ()dn / (1= 2 = 1) [ ()t (52)
D, Dy

which is equivalent to
A0 D) = / (1 = Ixy — ) £ P@dr
D1 (53)
K2 1P 0n) = / (1 = %2 = ) 2 (1)1,
Dy

By solving Eq. (53), the eigenfunctions are obtained as
CoS w; X COS ;X

(€Y] _ @) _
W= = [P = e (54)
2 2w; 2 2w;
where
i, i =2k—1 jm, j=2k—-1
D=2 ik, @j=1_ 2ok (53)
tan w; /2 tanw; /2
Thus, the random field w(x, ¢, 6) can be also simulated by using the traditional K-L expansion as
My M
. /Wi COS ;! COS W ;X
Bx,1,0) =2 "% n;(6) . : (56)
ST o @+ sin2w) (o) + sin20)

Note that Eq. (56) is identical to Eq. (49), again illustrating the validity of the proposed method.
4.2. Example 2: Non-stationary random field with separable covariance

It can be seen from Eq. (42) that, the quasi one-dimensional covariance does not contain variable x when we
fix the position x; = #; = x. In order to examine a more general case, the next example considers a zero-mean
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Exact covariance K-L approximation

1

05
0.5
0
-0.5
1
1
0.5 05
0o

—-Q

0.5

Relative error

Fig. 3. Exact covariance, simulated covariance C(x, x2, ;) and associated error at position x = x; = #; = 0.5.

Exact covariance K-L approximation

14 Relative error-5.4%1e-3

Fig. 4. Exact covariance, simulated covariance C(z, x, x2) and associated error at positionr = t; =1, = 0.7.

two-dimensional random field w(x, ¢, 8) with covariance function given by
C(x1, x2, 11, 1) = min(xy, f;) min(xz, ), x; € [0, 1], € [0, 1], i =1,2. (57)

Since the covariance is of the type of Wiener process, this example can be used to investigate the performance of the
proposed method for simulating non-stationary random fields.
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Exact covariance K-L approximation
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Fig. 5. Exact covariance, simulated covariance C(x1, x2, t1, f2) and associated error at position x; = 0.2, xo = 0.6.

The first step of the proposed method is to fix x; = #; = x to obtain a quasi one-dimensional covariance function as

C(x,x2,n) =xmin(x2,5),x; €[0,1],4 €[0,1], i=1,2. (58)

It can be seen that, different from example 1, variable x is involved in covariance C(x, x, ;). The analytical solution
of the following Fredholm integral equation:

1
X/O min (x2, 12) fu(x2, X)dx2 = An(x) fu(t2, X) (59)

is the eigenfunctions f;, (¢, x) and eigenvalues A, (x) of covariance kernel C(x, x;, f,). According to [10], f, (¢, x) and
An(x) can be analytically solved as
x

[(n+3) =]
where

_ X 1 61
Wy, = /An(x)—<n+§)n. (61)

The next step is to determine the covariance R,(xi,t;) of the intermediate one-dimensional stochastic process.
According to Eq. (30), the covariance R, (x1, t;) is derived as

Ruy(x1,t1) = // C(x1, x2, t1, 12) frn(x2) fu(t2)dx2d 1ty
Di(x2)xDy(t2)

fut, x) = V2sinwpt,  An(x) = (60)

1 1
= 2min(xy, ;) / / min(x,, f) Sin w, X, sin w,dx,dt, (62)
0 0

2

= — min(xy, f).
Wy

Thus, based on Eq. (32), the eigenfunctions and eigenvalues of R, (x, t;) are the solutions of the following Fredholm
integral equation:

Lo ) o
» / min(er, 1) (A1 = fone ok (1), 63)
n J0
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Fig. 6. The first six eigenfunctions and eigenvalues of the covariance in example 2.

Similar as the solution of Eq. (60), the closed-form solution of Eq. (63) are
1 1

Guk(¥) = V2sinopx,  fiu = = (64)
F[(k+ )]’ ene
where
1

Opk = W = <k + E) 7. (65)
By substituting Egs. (60) and (64) into Eq. (39), the random field w(x, ¢, 8) is consequently represented by

w(x,1,0)=2 7ij(0)—— sinw;t sinw;x (66)

; ; 10 a7 sinent sine)

where 7;; are the set of random variables that correspond to eigenfunctions g,.(x). Fig. 6a and b show the first 6
eigenfunctions f,(¢,x),n = 1,...,6 and eigenvalues associated with the covariance kernel as given in Eq. (57).
Since the eigenfunctions g,.(x) and eigenvalues fi,; of covariance R,(x, t;) have the same structure as those given
in Eq. (60), they can be also described by using Fig. 6a and b. Figs. 7-9 show the exact covariance function, the
approximated covariance, and the associated errors at the position x = x; =t = 05,7t =t =, = 0.3, and
x; = 0.3, x, = 0.8, respectively. The number of the terms that retained in K-L expansion as in Eq. (66) is adopted
as M, = 5, and M, = 5. Similar as the results in example 1, the approximations of covariance function based on
Eq. (40) agree well with the exact covariance.

Note that this example demonstrates the necessity for using the covariance R,(xi, ;) in Eq. (30), instead of
the covariance function H,(x;, t;) in Eq. (19) in the simulation of a multi-dimensional random field. According to
Eq. (19), the covariance function H,(xy, t;) yields

min(xy, #1)
VX1

If H,(xy, 1)) is used as the covariance of the intermediate one-dimensional stochastic process, the eigenfunctions
and eigenvalues of H, (x|, f;) cannot be readily obtained since the analytical solution of the corresponding Fredholm
integral equation

Hy(x1, 1) = (67)

min(x, t;)

—_— g, dx1 = Unk &k (t 68
b, VA gnk(x1)dx1 = Wk &k (t1) (68)
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Fig. 7. Exact covariance, simulated covariance C(x, x7, #) and associated error at position x = x| = t; = 0.5.
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Fig. 8. Exact covariance, simulated covariance C(t, x1, x2) and associated error at position t = t; = t, = 0.3.

is not available [10]. The main advantage for using the covariance of the intermediate process /A, (x)&,(x, 6) is that
the Fredholm integral equation of the covariance kernel R, (x, t;) is, in general, easier to be solved.

We also emphasize that, although variable x is involved in the covariance C(x, x3, f;), as shown in Eq. (58), the
covariance function C(xy, x, t1, f;) that given in Eq. (57) is still separable. Therefore, one can simulate the random
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Exact covariance K-L approximation
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Fig. 9. Exact covariance, simulated covariance C(x1, X2, t1, t2) and associated error at position x; = 0.3, xp = 0.8.

field using traditional K-L expansion by assuming that the eigenfunctions f,(x;, x,) and eigenvalues A, of covariance
kernel C(xy, x3, 11, tp) are also separable as,

fulerx) = O FP @), da =200 (69)

Thus, the following integral eigenvalue problem associated with the kernel C(xy, x3, t1, t2)

/ C(xy, x2, t1, 1) fu(x1, t)dx1dty = Ay fr(x2, 1) (70
D
is converted to
WP P () = | miney, 0) £V dn | minGe, 0) £ (0)dn (71)
D, Dy

which is equivalent to

WPy = | minGey, n) £V @)dn
Dy (72)
AP P = | min(x, 0) £ (0)db.
Dy
The closed-form solution of Eq. (72) can be found in [10] as
1
0 = Vasinwx, A= —— (73)
[+ )]
and
1
f700) = V2sinwjx, AP0 = ———s (74)
j+3)7]
where

1 1
wiz(i+§>n, wjz(j+5)n. (75)
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Eigenfunctions

Fig. 10. The first six eigenfunctions f, (¢, x) of the covariance in example 3.
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Fig. 11. The first six eigenvalue functions 1, (x) of the covariance in example 3.

Once the eigenfunctions f,(x;, x) and eigenvalues A, of covariance kernel C(xy, x3, 1], ) are obtained, it will
not be difficult to derive the same representation formula of the random field w(x, t, ) as Eq. (66) that is given
by the proposed method. Hence, the proposed method derives the same representation of the random field with
separable covariance structure as the traditional K-L expansion, again demonstrating the application of the proposed
method.

4.3. Example 3: Random field with non-separable covariance

It has been shown, in the first two examples, that proposed method achieves the same representation of a random
field with a separable covariance, i.e., C(xy, x2,t1,2) = C(x1,1)C(x2, 1), with traditional K-L. expansion. In
practice, if the covariance function is not separable, then the traditional K-L expansion does not work. In this
example, we investigate the performance of the proposed method for handling such a problem. Consider a zero-mean
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covariance function Ry(x1,22)
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Fig. 12. Covariance function R (x|, x7) of the first expanded intermediate process /A1 (x)&;(x, 6).
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Fig. 13. The first six eigenfunctions and eigenvalues of the covariance R;(x1, x2).

two-dimensional random field w(x, t, ) with covariance function given by

C(xy1, x2, 11, 1) = min(xt;, x212), x; € [0,1],4 € [0,1], i=1,2. (76)

To simulate w(x, t, ), we firstly fix x; = x, = x to obtain a quasi one-dimensional covariance function C(x, t, ;) as

Clx,n,p)=xmin(t, ), x; €[0,1], 4 €[0,1], i=1,2. (77)

Note that the covariance C(x, t1, f;) involves variable x. The eigenfunctions and eigenvalues of covariance kernel
C(x, 11, ) can be obtained by solving the following Fredholm integral equation:

1
x/O min(ty, &) fu(t1, X)dty = An(x) fu(t2, X) (78)

[10] provided the closed-form solution of Eq. (78) as
X

[ )T "

Ja(t, x) = «/Esinwnt, A(x) =
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Fig. 14. Covariance function R»(x;, x2) of the second expanded intermediate process /A2(x)&2(x, 6).
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Fig. 15. The first six eigenfunctions and eigenvalues of the covariance Ry(x1, x2).

where

_ x 1
‘“n#%‘("*i)m

The next step is to compute the covariance of the intermediate one-dimensional process +/A,(x)&,(x, 6) as

R, x2) = f / C(x1, o 11, 12) oty 51) folta, x2)dtndt
'DIX'DI

1 1
2/ / min(xt;, Xpt2) Sin w, 1 Sin w, trdt dt,
0 0

2(—1)"1x1x, min (x1, x2) €08 [, (x1/x2)" ]

w3p (xf = x3)

239

(80)

(C2Y)
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covariance function Ra(21, 22)
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Fig. 16. Covariance function R3(x;, x2) of the third expanded intermediate process /A3(x)&3(x, 6).
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Fig. 17. The first six eigenfunctions and eigenvalues of the covariance R3(xj, x2).

where p = sign(x; — x,), and then to determine the eigenfunctions and eigenvalues of covariance R, (x|, x;) by
solving the following integral eigenvalue problem

[ Rt sttt = kit (82)
2
Due to the complexity of the form of R,(x;, x) in Eq. (81), the analytical solution of Eq. (82) cannot be readily
obtained. Nevertheless, the eigenfunctions g,.(x) and eigenvalues ji,; can be obtained by the most used numerical
methods, e.g., the Galerkin or wavelet-Galerkin method [23,24]. Once g,(x) and i, are determined, they can be
used to simulate the random field by using Eq. (39). It should be noted that, the analytical form of the eigenfunctions
gnr(x) is not necessary for the final representation of the random field as given in Eq. (39). The numerical solution of
gnr(x) is also applicable for numerically representing the random field w(x, ¢, ).

Figs. 10 and 11 show the first 6 eigenfunctions f,(¢,x),n = 1,...,6 and eigenvalues associated with the
covariance kernel as given in Eq. (76). The number of the terms that retained in K-L expansion is adopted as M| = 4,
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covariance function Ra(x1, x2)
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Fig. 18. Covariance function R4 (x|, x7) of the third expanded intermediate process +/A4(x)&s(x, 0).
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Fig. 19. The first six eigenfunctions and eigenvalues of the covariance R4(x1, x2).

and M, = 5 as in the previous examples. Figs. 12, 14, 16 and 18 show the covariance function R,,(x1, xp),n =1,...,4
of the first four expanded intermediate process +/X,(x)&,(x,0),n = 1,...,4, respectively. It can be seen that

the maximum value of R,(x{, x,) decreases rapidly with the increasing of n from 1 to 4. The maximum value of
R4(x1, x2) has decreased to 0.008 and therefore it is no longer required to adopt M; = 5. Figs. 13, 15, 17 and 19
accordingly describe the first 6 eigenfunctions g;(¢, x),i = 1, ..., 6 and eigenvalues associated with the covariance
R,(x1,x3),n =1, ..., 4, respectively. Fig. 20 shows the exact covariance function, the approximated covariance, and
the associated errors at the position x; = 0.4, x, = 0.7. Similar observations can be found as the previous examples,
the approximations of covariance function based on Eq. (40) generally agree well with the exact covariance.

In order to further demonstrate the proposed method, the traditional K—L expansion is also employed to simulate
the random field in this example. In this study, the Galerkin scheme is used to numerically solve the two-dimensional
Fredholm integral equation of the covariance in Eq. (76), where a set of fundamental algebraic polynomials with
the power of n are adopted to represent the eigenfunctions of the covariance in Eq. (76). Obviously, the accuracy of
the K-L representation depends on the number of the polynomials adopted, i.e., the number of n. Figs. 21 and 22
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Fig. 20. Exact covariance, simulated covariance C(x1, x2, t1, 2) and associated error at position x; = 0.4, x, = 0.7.

show the numerical results of the first 6 eigenvalues and eigenfunctions associated with the covariance in Eq. (76)
when the highest power of the polynomial p,(x) is adopted as 40. The simulated covariance function at the position
x1 = 0.4, xo = 0.7 resulting from the K-L expansion with different choice of n, i.e., n adopts 26, 30, 34, 40, 50 and
60 is shown in Fig. 23. Figs. 24 and 25 compare the exact covariance, the approximated covariance from the proposed
method and the traditional K-L expansion with different choice of n, and the associated errors at the same position.
Obviously, the proposed method achieves good agreement with the exact covariance just by retaining the number of
terms in Eq. (39) as M; = 4 and M, = 5. For the traditional K-L expansion method, the approximation error is
obvious when the highest power of the polynomial n adopts 26, 30 and 34. Satisfied results can be achieved only
when 7 is greater than 40. Note that although a large n will give a better approximation for the covariance in Eq. (76),
it requires more computational cost in the simulation of the random field.

4.4. Example 4: Random field with exponential covariance

The last example investigates a special case in the context of non-separable covariance function of the random
field. Consider a zero-mean two-dimensional random field w(x, ¢, #) with covariance function given by

Cxy, xa, 11, ) = e il e (1 1], e [-1,1], i=1,2. (83)

If we fix x; = #; = x, then the ’quasi’ one-dimensional covariance function C(x, x,, ;) becomes one. Obviously,
C(x, x3, ;) cannot reflect the rate at which the correlation decays between variables x, and #,. In this case, the
proposed method does not work. In order to address this problem, we introduce a small positive number y such
that y = |x; — #;| > 0, and let

C(x, x2, 1) = e Y2712l (84)

Thus, the eigenfunctions and eigenvalues of C(x, x», ;) can be obtained by solving the following Fredholm integral
equation

1
/ e MRl (e, y)dxy = M(3) fult2, ). )

1
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(d) Eigenfuntion f4(x, t) of covariance in Eq. (76).
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Fig. 21. Numerical results of the first six eigenfunctions f,(z, x) of the covariance in example 3.

The closed-form solution of Eq. (85) can be readily obtained from [10] as

COS WpX
Inlx, y) = -
L+ (~ 1y a2e

where

_|y/tanw,, n =2k
On = —ytanw,,n = 2k — 1.

243

(86)

87)
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Fig. 22. Numerical results of the first six eigenvalues of the covariance in example 3.
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Fig. 23. K-L approximation of the covariance C (x|, x2, 1, ) at position x; = 0.4, x, = 0.7 with different choice of n.

The covariance of the intermediate one-dimensional process /A, (x)&,(x, 0) is then computed as

1 1
Ra(yt, v2) = f / et £ (0 F () ) diadts. (88)
1/

Obviously, due to the complexity of the form of R,(y1, y2), the analytical solution of the integral eigenvalue problem
associated with the covariance kernel R,(y;, y;) is difficult to solve, the Galerkin scheme is therefore adopted
to approximate the eigenfunctions g,;(x) and eigenvalues fi,; of the kernel R,(y;, y). After g,;(x) and f[i,; are
numerically determined, the random field w(x, ¢, 8) can be simulated by using Eq. (39). Fig. 26 shows the exact
covariance, the approximated covariance and the associated approximation error. Obviously, the simulated covariance
is in good accordance with the exact one even for this special case. It should be noted that when using Galerkin scheme
to approximate the solution of the integral eigenvalue problem of the covariance kernel R, (y1, y2) at the set of discrete
points (¥}, y;), the number of the iterations of @}, and w;, in Eq. (87) is large. Nevertheless, the complexity of this prob-
lem arises from the adopted covariance kernel as given in Eq. (84), and it is irrelevant with the proposed method itself.
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Exa.ct covariance K-L approximation traditional K-L, n = 34

00 00

Relative error Relative error

Fig. 24. Exact covariance, simulated covariance from the proposed and traditional K-L method with different choice of n.

traditional K-L, » = 40 traditional K-L, n = 50 traditional K-L, » = 60

00 00

Relative error Relative error

Fig. 25. Exact covariance, simulated covariance from the proposed and traditional K-L method with different choice of n.

5. Conclusion

This paper develops a new method for simulating multi-dimensional random fields by K-L expansion. The method
expands an n-dimensional random field into a one-dimensional stochastic process and an (n — 1)-dimensional random
field, the obtained (n — 1)-dimensional random field is further decomposed into a new one-dimensional stochastic
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Exact covariance K-L approximation

Relative error

Fig. 26. Exact covariance, simulated covariance and the associated error in example 4.

process and an (n — 2)-dimensional random field. By repeating this process, the original n-dimensional random
field is decomposed into a total of n one-dimensional stochastic processes step by step, each can be represented by
using the traditional K-L expansion. Thus, the developed method is embedded into the well-established framework
of the K-L expansion for simulating stochastic process. The performance of the proposed method for simulating
multi-dimensional random field is investigated by using four examples. It has been shown that for random field with
a separable covariance structure, the proposed method provides the same representation of the random field with
the traditional K-L expansion. For random field with non-separable covariance function, the approximation of the
covariance given by the proposed method agrees well with the exact one, illustrating the effectiveness of the proposed
method. We also emphasize that the proposed method possesses the potential for simulating multi-dimensional non-
Gaussian random field, if it is used in conjunction with the method that proposed in [25].

Acknowledgments

This research was supported by Grant from the National Natural Science Foundation of China (Project 11672091).
This support is gratefully acknowledged.

References

[1] V. Christou, P. Bocchini, M.J. Miranda, Optimal representation of multi-dimensional random fields with a moderate number of samples:
Application to stochastic mechanics, Probab. Eng. Mech. 44 (2016) 53-165. Special Issue Based on Papers Presented At the 7th International
Conference on Computational Stochastic Mechanics (CSM7).

[2] G. Chen, H. Zhang, K.J. Rasmussen, F. Fan, Modeling geometric imperfections for reticulated shell structures using random field theory, Eng.
Struct. 126 (2016) 481-489.

[3] N.D. Lagaros, G. Stefanou, M. Papadrakakis, An enhanced hybrid method for the simulation of highly skewed non-Gaussian stochastic fields,
Comput. Methods Appl. Mech. Engrg. 194 (45—47) (2005) 4824-4844.

[4] M. Grigoriu, Evaluation of Karhunen-Loeve, spectral, and sampling representations for stochastic processes, J. Eng. Mech. 132 (2) (2006)
179-189.

[5] M. Vorechovsky, Simulation of simply cross correlated random fields by series expansion methods, Struct. Saf. 30 (4) (2008) 337-363.

[6] G. Stefanou, M. Papadrakakis, Assessment of spectral representation and Karhunen-Loeve expansion methods for the simulation of Gaussian
stochastic fields, Comput. Methods Appl. Mech. Engrg. 196 (21-24) (2007) 2465-2477.

[7]1 W. Betz, 1. Papaioannou, D. Straub, Numerical methods for the discretization of random fields by means of the Karhunen-Loeve expansion,
Comput. Methods Appl. Mech. Engrg. 271 (2014) 109-129.

[8] G. Stefanou, The stochastic finite element method: Past, present and future, Comput. Methods Appl. Mech. Engrg. 198 (9-12) (2009)
1031-1051.

[9] C. Su, D. Lucor, Covariance kernel representations of multidimensional second-order stochastic processes, J. Comput. Phys. 217 (1) (2006)
82-99. Uncertainty Quantification in Simulation Science.


http://refhub.elsevier.com/S0045-7825(16)31869-2/sb1
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb1
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb1
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb1
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb1
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb2
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb2
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb2
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb3
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb3
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb3
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb4
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb4
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb4
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb5
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb6
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb6
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb6
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb7
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb7
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb7
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb8
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb8
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb8
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb9
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb9
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb9

Z. Zheng, H. Dai / Comput. Methods Appl. Mech. Engrg. 324 (2017) 221-247 247

[10] R.G. Ghanem, P.D. Spanos, Stochastic Finite Elements: A Spectral Approach, Dover Publications, INC, 2003.

[11] L. Chen, C.W. Letchford, Simulation of multivariate stationary Gaussian stochastic processes: hybrid spectral representation and proper
orthogonal decomposition approach, J. Eng. Mech. 131 (8) (2005) 801-808.

[12] M. Azaiez, F. Ben Belgacem, Karhunen-Loeve truncation error for bivariate functions, Comput. Methods Appl. Mech. Engrg. 290 (2015)
57-72.

[13] S. Pranesh, D. Ghosh, Faster computation of the Karhunen-Loeve expansion using its domain independence property, Comput. Methods Appl.
Mech. Engrg. 285 (2015) 125-145.

[14] H. Kim, M.D. Shields, Modeling strongly non-Gaussian non-stationary stochastic processes using the iterative translation approximation
method and Karhunen-Loeve expansion, Comput. Struct. 161 (2015) 31-42.

[15] P. Druault, J. Delville, J.-P. Bonnet, Proper orthogonal decomposition of the mixing layer flow into coherent structures and turbulent Gaussian
fluctuations, C. R. Mec. 333 (11) (2005) 824-829.

[16] U. Iemma, M. Diez, L. Morino, An extended Karhunen-Loeve decomposition for modal identification of inhomogeneous structures, J. Vib.
Acoust. 128 (3) (2005) 357-365.

[17] U.Iemma, L. Morino, M. Diez, Digital holography and Karhunen-Loeve decomposition for the modal analysis of two-dimensional vibrating
structures, J. Sound Vib. 291 (1-2) (2006) 107-131.

[18] G. Stavroulakis, D.G. Giovanis, M. Papadrakakis, V. Papadopoulos, A new perspective on the solution of uncertainty quantification and
reliability analysis of large-scale problems, Comput. Methods Appl. Mech. Engrg. 276 (2014) 627-658.

[19] H. Dai, Z. Cao, A wavelet support vector machine-based neural network metamodel for structural reliability assessment, Comput. Aided Civil
Infrastruct. Eng. 32 (4) (2017) 344-357.

[20] H. Dai, Z. Zheng, W. Wang, Nonlinear system stochastic response determination via fractional equivalent linearization and Karhunen-Loeve
expansion, Commun. Nonlinear Sci. Numer. Simul. 49 (2017) 145-158.

[21] X. Chen, M. Diez, M. Kandasamy, Z. Zhang, E.F. Campana, F. Stern, High-fidelity global optimization of shape design by dimensionality
reduction, metamodels and deterministic particle swarm, Eng. Optim. 47 (4) (2015) 473-494.

[22] M. Diez, E.F. Campana, F. Stern, Design-space dimensionality reduction in shape optimization by Karhunen-Loeve expansion, Comput.
Methods Appl. Mech. Engrg. 283 (2015) 1525-1544.

[23] K. Phoon, H. Huang, S. Quek, Comparison between Karhunen-Loeve and wavelet expansions for simulation of Gaussian processes, Comput.
Struct. 82 (13—14) (2004) 985-991. Advances in Probabilistic Mechanics and Structural Reliability.

[24] K. Phoon, S. Huang, S. Quek, Implementation of Karhunen-Loeve expansion for simulation using a wavelet-Galerkin scheme, Probab. Eng.
Mech. 17 (3) (2002) 293-303.

[25] K. Phoon, S. Huang, S. Quek, Simulation of second-order processes using Karhunen-Loeve expansion, Comput. Struct. 80 (12) (2002)
1049-1060.

[26] T.A. Burton, Volterra Integral and Differential Equations, Elsevier, 2005.

[27] H. Dai, Z. Zheng, W. Wang, On generalized fractional vibration equation, Chaos Solitons Fractals 95 (2017) 48-51.

[28] H. Dai, Z. Zheng, W. Wang, A new fractional wavelet transform, Commun. Nonlinear Sci. Numer. Simul. 44 (2017) 19-36.

[29] P. Frauenfelder, C. Schwab, R.A. Todor, Finite elements for elliptic problems with stochastic coefficients, Comput. Methods Appl. Mech.
Engrg. 194 (2-5) (2005) 205-228. Selected Papers from the 11th Conference on the Mathematics of Finite Elements and Applications.

[30] H. Dai, H. Zhang, W. Wang, A new maximum entropy-based importance sampling for reliability analysis, Struct. Saf. 63 (2016) 71-80.

[31] S.Huang, S. Quek, K. Phoon, Convergence study of the truncated Karhunen-Loeve expansion for simulation of stochastic processes, Internat.
J. Numer. Methods Engrg. 52 (9) (2001) 1029-1043.

[32] K. Phoon, H. Huang, S. Quek, Simulation of strongly non-Gaussian processes using Karhunen-Loeve expansion, Probab. Eng. Mech. 20 (2)
(2005) 188-198.

[33] B. Sudret, A.D. Kiureghian, Stochastic Finite Elements and Reliability - A State-of-the-Art Report, Tech. Report. UCB/SEMM-2000/08,
Department of Civil and Envionmental Engineering, Univ. of California, Berkeley, 2000.


http://refhub.elsevier.com/S0045-7825(16)31869-2/sb10
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb11
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb11
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb11
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb12
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb12
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb12
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb13
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb13
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb13
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb14
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb14
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb14
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb15
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb15
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb15
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb16
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb16
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb16
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb17
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb17
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb17
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb18
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb18
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb18
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb19
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb19
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb19
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb20
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb20
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb20
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb21
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb21
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb21
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb22
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb22
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb22
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb23
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb23
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb23
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb24
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb24
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb24
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb25
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb25
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb25
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb26
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb27
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb28
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb29
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb29
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb29
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb30
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb31
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb31
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb31
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb32
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb32
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb32
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb33
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb33
http://refhub.elsevier.com/S0045-7825(16)31869-2/sb33

	Simulation of multi-dimensional random fields by Karhunen–Loeve expansion
	Introduction
	K–L expansion of one-dimensional random process
	Simulation of multi-dimensional random fields by K–L expansion
	Simulation of a two-dimensional random field
	Simulation of a multi-dimensional random field
	Computation of the covariance of intermediate stochastic process

	Numerical examples
	Example 1: Stationary random field with separable covariance
	Example 2: Non-stationary random field with separable covariance
	Example 3: Random field with non-separable covariance
	Example 4: Random field with exponential covariance

	Conclusion
	Acknowledgments
	References


