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PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established to expand
and disseminate knowledge about earthquakes, improve earthquake-resistant design, and imple-
ment seismic hazard mitigation procedures to minimize loss of lives and property. The emphasis
is on structures in the eastern and central United States and lifelines throughout the country that
are found in zones of low, moderate, and high seismicity,

NCEER'’s research and implementation plan in years six through ten (1991-1996) comprises four
interlocked elements, as shown in the figure below. Element I, Basic Research, is carried out to
support projects in the Applied Research area. Element II, Applied Research, is the major focus
of work for years six through ten. Element III, Demonstration Projects, have been planned to
support Applied Research projects, and will be either case studies or regional studies. Element
IV, Implementation, will result from activity in the four Applied Research projects, and from
Demonstration Projects.

ELEMENTI ELEMENT Il ELEMENT i
BASIC RESEARCH APPLIED RESEARCH DEMONSTRATION PROJECTS
« Seismic hazard and + The Building Project Case Studies
ground motion + Active and hybrid control
» The Nonstructural » Hospital and data processing
« Solls and geotechnical Components Project facilities
engineering + Short and medlum span
s The Lifelines Project bridges
= Structures and systems « Water supply systems in
- Risk and reliablility » The Bridge Project Memphis and San Franclsco
Regional Studies
+ Protective and + Naw York City
intelligent systems » Mississippl Valley

¢ San Franclsco Bay Area
« Socletal and economlc

impact program I-—l

ELEMENT IV
IMPLEMENTATION

« Conferences/Workshops

« Education/Training courses
« Pubileations

« Public Awareness

Research in the Building Project focuses on the evaluation and retrofit of buildings in regions of
moderate seismicity. Emphasis is on lightly reinforced concrete buildings, steel semi-rigid
frames, and masonry walls or infills, The research involves small- and medium-scale shake table
tests and full-scale component tests at several institutions. In a parallel effort, analytical models
and computer programs are being developed to aid in the prediction of the response of these
buildings to various types of ground motion,
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Two of the short-term products of the Building Project will be a monograph on the evaluation of
lightly reinforced concrete buildings and a state-cf-the-art report on unreinforced masonry.

The risk and reliability program constitutes one of the important areas of research in the
Building Project. The program is concerned with reducing the uncertainty in current models
which characterize and predict seismically induced ground motion, and resulting structural
damage and system unserviceability. The goal of the program is to provide analytical and empiri-
cal procedures to bridge the gap between traditional earthquake engineering and socioeconomic
considerations for the most cost-effective seismic hazard mitigation. Among others, the follow-
ing tasks are being carried out:

Study seismic damage and develop fragility curves for existing structures,

Develop retrofit and strengthening strategies.

3. Develop intelligent structures using high-tech and traditional sensors for on-line and real-
time diagnoses of structural integrity under seismic excitation.

4. Tmprove and promote damage-control design for new structures.

5. Study critical code issues and assist code groups to upgrade seismic design code.

6. Investigate the integrity of nonstructural systems under seismic conditions.

B

This report presents a new technique for simulating multidimensional and multivariate random
processes. One version of the sampling theorem for deterministic functions is used as the starting
point. The theorem is then extended from the deterministic case to the one-dimensional uni-
variate random case, and then to the multidimensional, multivariate case. The global smoothing
implicit in the sampling theorem is then replaced by a local smoothing which limits the size of
the data required for simulating the random field at a given index location. The attraction of the
new simulation technique is its limited storage requirement while sequentially simulating a
random field in a manner analogous tc the generation of ARMA processes. Asymptotic
properties, as the smoothing window size tends to infinity, of the simulated random processes
and fields is also discussed in the report. Several examples are presented that illustrate the
proposed technique.
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ABSTRACT

A unified method is developed for simulating realizations of real-valued
stationary Gaussian processes, vector processes, fields, and vector fields.
The method has direct applications to earthquake engineering. Realizations of
Gaussian processes and vector processes can be used to model seismic ground
accelerations at single and multiple sites. Gaussian randem fields can pro-
vide representations of the spatial wvariation of soil properties that need to
be considered in earthquake engineering when dealing with systems extending
over large areas such as pipeline systems. The proposed method involves
parametric random models consisting of superpositions of deterministic func-
tions of time or space with random amplitudes. The parametric models are
based on the sampling theorem for random processes and generalizations of it
for vector processes and random fields. The proposed simulation method is
efficient and uses algorithms for generating realizations of random processes
and fields that are similar to simulation techniques based on ARMA models,
Several examples are presented to demonstrate the proposed simulation method

and evaluate its efficiency and accuracy.
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SECTION 1

INTRODUCTION
Continuous and discrete time models are currently used to generate reali-
zations of a stationary Gaussian stochastic process. The continuous models
generally consist of a finite sum of harmonics with random phase and determin-
istic or random amplitude [13,15]. They can be obtained by approximating the
power spectral density of the process by a discrete spectrum with power at a
finite number of frequencies. These models are simple and can be applied to
generate Gaussian processes and fields [12,13,14,15]. However, the computer
storage required for generation can be excessive. The autoregressive moving
average (ARMA) random sequences are the most common discrete time models that
are used in simulation [5,8,10,16]. The main feature of the ARMA models is
that the gsample generation can be performed on-line such that the computer
storage demand is minimum., On the other hand, the céalibration of these models
to a target stochastic process can be complex. Moreover, the ARMA models have

only been applied to generate samples of random processes.

Current simulation algorithms based on continuocus and discrete time models can
be extended to generate realizations of a class of non-Gaussian random func-
tions that can be obtained from Gaussian processes by memoryless transforma-
tions [6,19]. The continuous and discrete time models can also be generalized
to represent nonstationary processes by, e.g., medulating the amplitude or the
amplitude and phase of a stationary process [7,1l], considering ARMA models
with time-dependent coefficients [5], or using the Priestley process with

evolutionary spectrum {7,11].

This report presents a unified method for simulating realizations of

stationary Gaussian processes, vector processes, fields, and vector fields

/
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that has direct applications to earthquake engineering. Realizations of
Gaussian processes and vector processes can be used to represent the seismic
ground acceleration at single and multiple sites. Gaussian random fields can
provide models of the spatial variation of soil properties that need te be
considered in earthquake engineering when dealing with systems extending over

large ares such as pipeline systems.

The method is based on parametric random functions depending on a finite num-
ber of dependent Gaussian variables. The parametric models in the report can
be obtained from the sampling theorem. The proposed methed has attractive
features. It is simple, efficient, and allows on-line simulation as the ARMA
model. Moreover, the accuracy of the model can be calculated prior to simula-
tion. The algorithm for generating realizations of a Gaussian random function
is less simple because of minor bookkeeping problems and the need to generate
dependent Gaussian random variables. However, these are not significant
inconveniences because the simulation algorithm needs to be codified once and

efficient algorithms are available for generating dependent Gaussian variables

[9].
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SECTION 2
SAMPLING THEOREM FOR DETERMINISTIC FUNCTIONS

Consider a deterministic function g defined on R4, q = 1, 2, ..., with values
inRP, p=1, 2, ... . It is assumed that the components gr(g), r=1, 2,

.. p, of g(t) have band-limited Fourier transforms in the frequency range
(-f

rs? frs)’ 0 < frs <w, r=1, ..., p, s =1, ..., q.

2.1 Sampling Theorem (q =1, p = 1)

Suppose that function g is real-valued and defined on the real line R. Let

f = fll be the band-width of the function. According te the sampling theorem

[2,18]

g(t) = z_m glty + KI) a(t - €y T) (2.1)
in which

oyt D - HEfe @

T =1/(2f), and tg any real number.

2.2 Generalized Sampling Theorem (q > 1 and/or p > 1)

Three cases are examined: (1) g =1, p>1; (2) q> 1, p =1; and (3)
p>1l, q>1. They correspond to a vector function g(t); real-valued function

g(t) defined in RY; and vector function g(t) defined on RY with values on RP.

Case 1 (¢ = 1. p>1): Let gr(t), r=1, ..., p, be the components of g(t)

that are assumed to have a finite bandwidth with power concentrated in the
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frequency range (-f,, £.), where f. = f.). The sampling theorem in Egs. (2.1)
and (2.2) applies to every component g.{(t) of g(t) so that

=]

g (t) = kz gr(tr’o + kT ) ak(t~tr,0; T

= - 00

) (2.3

r

in which T = 1/(2fr) and t. o is an arbitrary real number.

Case 2 {(q> 1, p=.1). Suppose that the Fourier transform of function

g: RY - R exists and vanishes outside a set A = II (-fs, fs), where fs = f

ls’
s=1
s =1, ..., q. Then, function g can be represented by the series expansion
gle) = 3 ... glt, +k,T., ..., t +kT) O a (t -t .; T)
kl--oo k =-w 1’0 171 q!O q q s=1 ks s S,O s
q (2.4)
where Ts - 1/(2f5) and {ts 0} are arbitrary real numbers, s =1, ..., q.
The result follows from the sampling theorem. Suppose that (t,, ..., tq) are
fixed. According to Eqs. (2.1) and (2.2),
«€Q
glg) = ) gty g + KTy, tgs oony £ ) a (87 - & 45 Tp) (2.5)
ky=-o0 ’ q 1 ' :

Using similar considerations for all arguments of g(f) one finds the result in

Eq. (2.4).

Cage 3 (¢>1, p>1). Let gr(g), r =1, ..., p, be the real-valued functions

defining the vector function g(t). The components gr(L) of g(r) satisfy the

conditions in the previous case such that Eq. (2.4) applies and
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L o] @

L) = t +k.T ., ..., t +k T
gr(—) klg'm ok E_m gr( rl,0" "17rl rq,0" q rq)
% i .
I o (ts'trS,O’ Tsi)’ r=1, ..., p (2.6)
s=1 s

in which Trs = l/(2frs) and trs,O are arbitrary real numbers.
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SECTION 3
SAMPLING THEOREM FCR RANDOM FUNCTIONS

Consider a zero-mean stationary Gaussian function X(t) defined on RY with

values on RP, p, q =1, 2, ... . It has the covariance functions

erylz) = EX (£ + 1) X&) , 1, u=1,2, ..., p (3.1)

and mean power spectral densities

seal® = [ e e (@) ar (3.2)
rY

in which i = [-T and the symbol ’ denotes vector and matrix transposition. It
is assumed that the mean power spectral densities of the components X (L),

q
r=1, ..., p, of X(t) are concentrated on the intervals II (-frs, £ D,

rs
s=1

0 < frs <w, r=1, ..., p, s=1, ..., q.

3.1 Random Processes (q = 1, p = 1)

The real-valued zero-mean stationary process X(t), t € R, has covariance
function c¢(r) = E X(t+r) X(t) and a power spectral density s(f) =

J e-12WfT c(r) dr vanishing outside a bounded interval (-f, f), 0 < f < «.
FEom the sampling theorem in Eq. (2.1) with T = 1/2f

[ +]

c(r) = ¥ clry + KT) a, (7-7,; T) (3.3)
k<o 0 k 0
for any real T because c(r) is a deterministic function whose Fourier trans-

form coincides with the spectral demsity s(f) that is concentrated on

(-, £), 0 < f <=,
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Define the family of parametric stochastic processes

N
Xe(t) = k_)_:N X o (t; T) (3.4)

in which N =1, 2, .. and Xy = X(kT) are random variables that are fully
defined by the finite dimensional distributions of X(t). The instances kT,
k= -N, ..., N are called the nodal points. The parametric processes XN(t)
have several interesting properties that sugpgest their use as approximations

of X(t).

Proposition 1. XN(t) in Eq. (3.4) has the same first two moments as X{t)

asymptotically as N -+ « [18].

The mean of XN(t) is zero for any value of N because EX) - EX(kT) =0,
k=-N, ..., N. The cross-covariance of the two parametric representations of

order N and M is

ey M(t+r,t) = E Xg(t+r) XM(t)

N M
- z ak(t+r; ™ z c((k-£)T) ag(t; T) (3.5)
k=-N R=-M
Denote by
M M
h (t; M) = §  c((k-£) T) a,(t; T) = ) c(-KT+LT) a,((t-KT) + kT; T)
k 2=-M . gt 2

(3.6)

the second sum after index £ in Eq. (3.5) and let M approach infinity. From

Eq. (3.3), hy(t; M) converges to c¢(t-kT) as M » =». Using again Eq. (3.3) {t
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can be shown that the remaining sum in Eq. (3.5) after index k, approaches

c(r) as N = «,

The covariance function in Eq. (3.5) shows that the family of processes Xy(t)
with N < @ is not stationary in the wide sense. This is caused by the depen-
dence of XN(t) on a finite number of wvalues of X(t) in the bounded range

(-NT, NT) when N < =, According to Proposition 1, XN(t) approaches stationar-

ity in the wide sense as N - o,

The Proposition also shows that Xy(t) provides a satisfactory approximation of
X(t) for large values of N. The approximation does not hold when t is close
to the boundary of the interval (-NT, NT) or outside it. In fact, Xy(t) for
N < « approaches zero as t increases indefinitely because the functions

ap(t; T) in the representation of the process vanish as t + ». This problem
can be eliminated by letting N increase indefinitely. However, the resultant
model Xy{(t) would become impractical for simulation. An alternative local

representation of X(t) is proposed in Sec. 3.1.2 for efficient simulation.

Proposition 2 (Sampling Theorem). Xy(t) in Eq. (3.4) approaches X(t) in the

mean square sense as N > =, i.e.,
lin E(X(t) - X(t))? = 0 (3.7)
N-0

The proof of this statement is similar to that of Proposition 1 and can be

found in textbooks [18].

Let

AN(t) = X{(t) - XN(t) (3.8)
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be the error of the approximation Xy(t) of X(t). The difference Ay(t) is a

zero-mean random process with variance

E AN(t)2 - e((k-2) T) oy (t; T) a,(t; T) (3.9)

| %] ,)EJ&|>N
The variance of this error process AN(t) depends on t and provides useful
information on the order of the approximation required in the analysis. For
example, let t be a multiple of T. Then, EAN(t)2 is equal to zero or one when
[t] £ N or |t| > N. Therefore, errors can be significant if X(t) is approxi-

mated by Xy(t) and ] > w.

Proposgition 3. Suppose that the process X(t) in the previous two propositions

is Gaussian. Then, XN(t) in Eq. (3.4) is a version of X(t) asymptotically as

N =+ o,

From Proposition 1, XN(t) is equal to X(t) in the second-moment sense asymp-
totically as N + @, From Eq. (3.4) and the hypothesis that X(t} is Gaussian,
the parametric representations Xy(t) are Gaussian processes for any value of N
as linear combinations of the Gaussian varijables {Xk}. Therefore, all finite
dimensional distributions of X(t) and Xy(t) coincide asymptotically as N - =«
because they only depend on the mean and covariance functions of these

processes,

There is no simple extension of the statement in Proposition 3 to the case of
non-Gaussian processes. When X(t) is not Gaussian the finite dimensional dis-
tributions of any order of X(t) and XN(t) coincide provided that (i) the
instances {tj} at which these distributions are calculated coincide with nodal
points and (ii) N is sufficiently large such that t; e(-NT, NT) for all

indices i. The coincidence of these distributions follows from Eq. (3.4)
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showing that Xy(t;) = X(t;) when t; is a multiple of T and belongs to
(-NT, NT). The distribution of XN(t)‘at instances different from nodal points

can be calculated but its determination is complex.

3.1.1. Narrow-Band Random Processes (q = 1, p = 1)

Suppose that the zero-mean, stationary, band-limited process X(t) has a

power spectral density s(f) that is zero outside the set

(-£ - £5, -fg + £) U (-f + £, £f5 + £) in which 0 < f << f3 < @, The power of
the process is concentrated in small vicinities centered on the frequencies

+ £3. Results of Propositions 1-3 and the parametric representation in Eq.
3.4 are still valid. However, the representation is impractical because the

required sampling 1/(2f() can be very dense when f; is large.

An alternative parametric representation can be used for narrow-band pro-
cesses. The representation is based on a classical definition of narrow band

processes [3,4],

X(t) = V(t) cos(2rfyt + p(t)) (3.10)
and

X(t) = X (t) cos (2afyt) + X (t) sin (2xfyt) (3.11)

in which

v(e) = & (02 + x (012
(3.12)
X (t)
-1 s
Y(t) = tan [ - Xc(t) ]
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Processes Xc(t) and Xs(t) are linear transformations of X(t) such that their

mean is zero, are stationary, and have the covariance functions
ce(r) = E Xc(t+r) xc(t) = B Xs(t+f) Xs(t)

f
=4 I dv s(u+f0) cos(2nvr)
£

and

é(r) = E X (t+r) X (t) = -E X_(t) X_(t+r)

= Ax dv s(u+f0) sin(2nvr)

Hy ——y Hu

(3.13)

(3.14)

These processes are uncorrelated when the spectrum s(f) is symmetric about the

central frequency f( because &(r) is zero for all values of r.

The random

variables Xc(t) and Xs(t) are uncorrelated for any value of t irrespective of

the shape of s(f).

Consider the parametric family of stochastic processes
Xyn(t) = XN,c(t) cos(2nfqyt) + XN,s(t) sin(2nfyt)
in which

|}

(t) =
e, o®) =

X a, {t; T)
oy ok Tk

N
XN,S(t) - X ZN Xs,k ak(t; T)

3-6
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Xc,k = X.(kT), Xs,k = X (kT), and op; T are defined in Eq. (3.4). Processes
XN,c(t) and XN,s(t) are Gaussian as linear combinations of discrete values of
X.{(t) and X (t) and are fully defined by the probability of these processes
The sampling rate, T = 1/2f, used to define processes XN,c(t) and XN,s(t) is
much lower than the required sampling rate, l/2(f0+f), corresponding to a

direct use of Eq. (3.4) for process X(t).

Proposition 4. XN(t) in Eqs. (3.14) and (3.16) has the same first two moments

as X(t) asymptotically as N - «,

The mean of XN(t) is zero for any value of N because Xc(t) and Xs(t) are
linear transformations of X(t). The covariance function of two parametric

representations of order N and M is

ey (T, ©) = E X(ter) X (€)
M

N
= L oty T c((k-DT) a,(t) cos(2nf )
k=-N f=-M

N M

- Y. ak(t+r) ¥ c((k-£)T) ag(t) sin(2ﬂfor) (3.17)
k=-N f=-M

Using arguments as in Eqs. (3.5) and (3.6) it can be shown that

A

lim CN,M(t+T' t) = c(r) cos(erof) - c(r) sin(2nf0f) (3.18)

The limit coincides with the covariance c(r) of X(t) as it can be found by

direct calculations.
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Results in Propositions 2 and 3 can also be extended directly to marrow-band
processes [11]. Thus, XN(t) in Eqs. (3.15) and (3.16) approaches X(t) in the
mean square sense as N =+ =, Moreover, XN(t) is a version of X(t) asymptot-

ically as N = « provided that X(t) is Gaussian. 1In this case the parametric
processes Xy(t) are Gaussian for any value of N as linear transformations of

values of X(t) at the nodal points.

3.1.2 Local Representation of X(t)

Consider a band-limited, zero-mean stationary Gaussilan process that can be

approximated by XN(t) in Eq. (3.4). An alternative representation of X(t) is

nt+n+1

Yn(t) = Y Xk ak(t; T) ) nT<txg (nt+1)T (3.19)

kznt-n

in which n, = [t/T] = the largest integer smaller than t/T and n is a positive
integer. The representation has a local character because it involves 2(n+l)
nodal values of X(t) centered about the active cell [n.T, (n +1)T], i.e., the
cell containing current time t. The choice of n defines the size of the win-

dow or vicinity about the active cell.

The local representation in Eq. (3.19) has similar asymptotic properties as
XN(t) in Eq. (3.4). For example, it can be shown that Yn(t) has the same mean
and covariance function as X(t) asymptotically as n » «». Moreover, the pro-

cess Y, (t) is a version of X(t) as n + = when X(t) is a Gaussian process.

There is a notable difference between the representations in Eqs. (3.4) and

(3.19). Although they both involve values of X(t) equally spaced at
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T = 1/(2f), these values are centered about zero for XN(t) and about t for
Yn(t). As t increases N must take large values to assure that t 1s included
in (-NT, NT) and Xy(t) provides an accurate approximation of X(t). On the
other hand, the representation.Yn(t) involves 2(n+l) values of X{(t) at any
time t. This feature is particularly attractive in simulation because the
generation of samples of Y, (t) depends on a relatively small number of random
variables that can be generated sequentially as time t increases. In con-
trast, simulation based on Xy(t) requires to generate samples of all variables
Xy}, k= -N, ..., N and store their values prior to the determination of a

realization of XN(t).

The local represéntation in Eq. (3.19) can be extended without difficulties to
the case in which X{(t) is a narrow-band stationary Gaussian process with

power centered at the frequencies x f,. A global approximation of the process
is Xy(t) in Eqs. (3.15) and (3.16). A local approximation of the process can

be provided by the model

Yn(t) - Yn C(t) cos (2rf0t) + Yn,s(t) sin (anot), ntT <t< (nt+1)T (3.20)

in which

n_+n+l

Yn’c(c) - . ¥ xc,k ak(t; T)
-nt-n

(3.21)

+
n. n+1

Yn’s(t) -‘k Y Xs,k a, (t; T)
-nt~n

with ny and n as in Eq. (3.19). The local representation Yn(t) of X(t) has

the same asymptotic properties as XN(t) in Eqs. (3.15) and (3.16). The
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representation is more suitable for simulation since, as Yn(t) in Eq. (3.19),
involves a smaller number of random variables that can be generated sequen-
tially. Moreover, the number of random variables in the representation Y (t)
of X(t) is independent of t. It only depends on the size n of the window con-

sidered in the representation.

The local representations in Eqs. (3.19) and (3.20) have continuous samples.
However, they are not differentiable at the nodal points. For example, the
discrepancy between the right and left derivatives of Yn(t) in Eq. (3.19) at a

nodal point n.T is

Y (0 T#)-¥ (0, T-) = X((ng#+n+1)T) @ T; T)-X((ng-n-1)T) &nt_n_l(ntT; T)

nt+n+1(nt
(3.22)

This difference decreases with n and vanishes asymptotically as n - =.
3.2 Vector Random Processes (q =1, p > 1)
Consider a zero-mean stationary Gaussian vector process X(t) with components

Xr(t), r=1, ..., p. The Gaussian process Xr(t) have mean zero, bandwidth

(-fr, fr), £, = frl’ 0 < £, < =, covariance function c,.,(7) = E X .(t+r) X, (t)

and mean power spectral densities s (f) = J e‘i2“ff cru(f) dr,
-0
rru’“l, « ey p. Let
N
r
Xr’Nr(t) - _gN Xeop o (85 T (3.23)

be parametric representations of the process Xr(t), in which Xr,k = Xr(kTr),

T, = 1/(2f,), and a is defined in Eq. 2.2. Let

3-10



X (t)
1,N1
3N(t) = . (3.24)
B X (t)
N
P
be a vector of parametric random process of order N = (N, ..., Np)'.

Proposition 5. Process Xr Nr(t) has the same first two moments as Xr(t)
asymptotically as N, » =, r =1, ..., p. Moreover, X, Nr(t) approaches X (t)

in the mean square sense as Nr o, r=1, ..., p.

The proof follows from Propositions 1 and 2.

Proposition 6. The vector process KN(t) approaches X(t) in the mean square

sense as Nr ~®, r =1, ..., p.

It is needed to show that the processes X(t) and Kg(t) have the same mean and
covariance functions as N, -, r =1, ..., p. The mean of XH(t) is zero for
any values of N, r = 1, ..., p because E Xp = 0 for all k and r by hypoth-
esis. Consider the covariance function of two arbitrary components of ZN(t),

This covariance is

¢ N ’N(t+f, t) =E X N(t+r) X g(®)
r u r u
N N

r u

-§-¥Nr g_gNu Cra{fTem €T ap(etr, T)) au(e; T)
Nr

- g_;N af(t+r; Tr) gru,Nu(t; Tr’ Tu) (3.25)

r
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in which

N
u
Bru,n (B3 Tpr T = L e (0T, -€T) g (t; T,) (3.26)
u £=-N
u
or
N
u
. ! .
gru,N (t; Tr’ Tu) - E cur(ETu+ fo) ag(t “To? Tu) (3.27)
u £=-N
u
with Tp=-Uu T, and t! =t + 1o because cru(r) = Cur(-f). From Eq. (3.26)

gru,Nu(t; Ty, T,,) approaches cur(t') = Cur(

N, = ® in Eq. (3.26) gives

Y
lim °y N (t+r, t) = 1lim Y.
N = r'u N -0 ¢=-N
r r
N —~o
u
N
E ( ) e (
= 1im c (T_-t) a_ (r+t;
ra T
Nr—mo g's-Nr f

and is equal to c¢,,(r) because

«©

cru(r) = Z cru(kTru+ro) ak(r-ro

T =0

t - uTp) as N, = =,

u The limit for

cur(t-fTr) a§(t+f; Tr)

Tr) (3.28)

i T )

u (3.29)

in which T - 1/(2f ) and £ =min (£ , £ ). Indeed, the Fourier trans-
ru ru ru r u

form sru(f) of cru(r), r # u, is zero outside the range (- £

Eq. (3.29) holds according to the sampling theorem in Eq. (2.1).

~ ~

width (- fru

— —~

u’ &u)mmhtMt

The band-

frw) of sy (f) can be obtained from the spectral representation

of the components r and u of X(t) by direct calculations.

3-12



A direct consequence of this result is that EN(t) is a version of X(t) asymp-
totically as T 1, ..., p, provided that X(t) is a Gaussian process.
In this case, ZN(t) is also Gaussian and the finite dimensional distributions
of X(t) and Xy(t) are defined by their second-moment characteristics uniquely
and the first two moments of these processes coincide asymptotically as

Ny =@, r= 1, ..., p.

A local representation as in Sec. 3.1.2. can be developed for X(t). Consider

the processes

n +n_+1
r,t r
Yr,nr = . Y o xr’k a (t; T) (3.30)
Tyt Pr
r = l» » P
nr,t Tr <tg (nr,t+1)Tr

in which n, is a specified positive integer defining the size of the window
for the r-th component of X(t) and n o= [t/Tr] = the largest integer smaller
than t/T,.. The representation depends on 2(nr+l) values of X.(t) that are
located symmetrically about the cell [n. Ty, (m, +1) T,] containing the

current time t. The processes Y. nr(t) have the same asymptotic properties as

Xr,Nr(t) in Eq. (3.23) as n, *® r = 1, ..., p. Therefore,
Yl,nl(t)
¥ (t) = : 3.31
_ﬂ( ) L ( )
t
p,np( )
can be used to generate realizations of X(t), in which n = (nl, c ey np)'. As
in the case of random processes, the size of the windows n, r = 1, ...., p,

determines the number of random variables § 2(nr+l) involved in the
r=l
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representation Xn(t) of X(t) and the accuracy of the representation. The
model Y (t) is a nonstationary process for any n. However, it is nearly sta-
tionary when the compoments n., r =1, ..., p, of n are larger than 5 or 10,

as demonstrated in figures 4-4 and 4-5.

3.3. Random Fields (g > 1, p=1)

Let X(t) be a real-valued, zero-mean, homogeneous Gaussian random field

defined on RY with covariance function ¢(z) = E X{t+r) X(t) and mean power

spectral density s(f) = I e'lzﬂi L c(z) dr, [1]. It is assumed that the power
q q _ i .
of X(t) is concentrated %n the interval N (-f , £), § = fl , 0 € f < o,
. o1 s s s s s
s=1, ..., q.
Consider the family of parametric random fields
N N
) 21 5 ; ( ) (
t) = e I « t; T 3.32)
xﬁ K. =N k =N Xkl""'kq om1 ks s s
1 1 q q
in which N = (Nl’ e Nq) , Ts - 1/(2fs), s =1, ..., q, and Xkl""’kq -
X(lel' ey quq). The random field depends on a finite number of wvariables
for Ny < », s =1, ..., ¢, that coincide with the values of the field at the
nodal points (kT{, ..., quq), kg =-Ng, ..., 0, ..., N5 8=1, ..., q.

The parametric fields XN(E) and X(t) take on the same values at the nodal

points for any value of N provided that ty € [-NSTS, NSTS], s =1, ..., q.

Proposition 7. XH(E) has the same first two moments as X{t) asymptotically as

Ny » =, 5= 1, ..., q.
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The mean of Xy(t) is zero for any t e RY and N because E X(t) = 0. The covar-

iance function of two parametric fields XN(E) and XM(E) is

N N,
= 1 L0 ey (tgr 5 TQ) (3.33)
k.,=-N k =-N s=1 s
1 1 q
M
* ;1 zq ((ky-2)T (k_-£ )T ) g ( T )
cae c - y e - a t 3
=My 2 M 171771 S I T

From Eq. (2.4), the condition c(z) = ¢(-z) that is satisfied by the covariance
funetion of X(t), and the fact that the Fourier transform s(f) of c(r) is zero

q
outside the interval 1 (-fs, fs), one finds that
s=1

lim CN,M(t+f, t)
M_ o =2
r
r=1, ' q
N N
q q
- klg-Nl S E_N c(ty-kyTy, .., tq-quq) SEI aks(ts+fs, T,)
q q

(3.34)

Moreover, the expression in Eq. (3.34) approaches c(z) as Ny + =, s = 1, -

q, as demonstrated by the result in Eq. (2.4). This proves the statement in

the proposition.

It can be noted from Eq. (3.33) that Xy(t) is an inhomogeneous random field
for any finite values of N, s =1, ..., q. However, it is nearly homogeneous
even for small values of these parameters, as it is demonstrated by examples

in the next section.
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Proposition 8. Random field Xy(t) approaches X(f) in the mean square sense as

N, -+ =, s=1, ..., q, for any £ ¢ R

Direct calculations following the approach in the previous proposition show

that

lim  E(X(8) - X(£)? =0 (3.35)

N —xo
5

s=1l,...,9q

which proves the statement in the proposition.

A consequence of the last two propositions is that Xy(t) is a version of X(t)
asymptotically as Ns o, 5 =1, ..., q, when X(t) is Gaussian. Indeed, the
first two moments of XN(L) and X(t) coincide as Ny = =, s=1, ..., q.

Therefore, the finite dimensional distributions of these processes are iden-

tical because X(t) is a Gaussian field.

Propositions 7 and 8 demonstrate that XN(E) is a viable approximation of X(t).
The accuracy of the approximation increases with its order N, i.e., as param-
eters N, s = 1, 2, ..., q, take on larger values. The mean square error of
an approximating field can be obtained from the expectation in Proposition 8
by following the approach in Egs. (3.8) and (3.9). It was shown that Xy(t)
becomes a version of X(t) asymptotically as Ng ==, s=1, ..., q, when the
field is Gaussian. This property cannot be extended to non-Gaussian random
fields. Although XE(E) and X(t) coincide at the nodal points, it is difficulc
to find the distribﬁtion of XN(L) at arguments t different from the nodes when

X(t) is a non-Gaussian random field.
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Consider the family of parametric random fields

0y (g)+nl+1 nq (;)+nq+1 q
Y (£) = ). D X, e O oo (t 5 T)
= klunl(g)-n1 kq=nq(1:_)-nq 1°°°"""q s=1 s
q
Le 521 [n (£) T, (n(2) + 1) T] (3.36)

defining local representations of X(t), in which ng(t) = [ty /T ] = the largest
integer smaller than t /T, and n,, s =1, ..., g, are chosen positive integers
q
defining the size of a window centered on the cell II [nS(E)TS, (ns(;)+1)TS]
s=1

which contains the current value of argument t. The window includes all nedal

values of X(t) in Eq. (3.36).

The local representation in Eq. (3.36) has similar properties as XE(E) in Eq.
(3.32). It coincides with the field X(t) at every nodal point in the window.
The field Yn(g) has the same mean and covariance function as X(t) asymptotic-
ally as ng =+ ®, s = 1, ..., q. Moreover, YB(E) is a version of X(t) as |

ngG > ©, s = 1, ..., g, when X(t) is Gaussian.

However, there is a significant difference between the approximations of X(g)
in Egqs. (3.32) and (3.36). Although they both involve values of X(t) equally
spaced at T, = 1/(2f,), s =1, ..., q, these values are centered about the
origin for Xg(g) and about t for Yh(;). As the norm of t increases the order
N of XH(E) must also increase such that the rectangle g (-NSTS, NSTS)
includes t and Xﬂ(g) accurately approximates X(t). OnS:ée other hand, the
representation Yg(g) involves ﬁ [2(ns+1)] values of X(t) for all t£. This

s=1
feature is particularly useful in simulation studies,
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3.4. Vector Random Fields (q > 1, p > 1)

Suppose that X(t) is a vector random field defined in RY with values on RP.

The field is homogeneous with mean zero covariance functions ¢

rulz)

. -i2xf’'r
E Xr(§+1) Xu(;) and power spectral densities sru(ﬁ) - J e cru(ﬁ) df,

q
ru=1, ..., p. It is assumed that the power of comp%nent X, () of the field

q -
is concentrated in sEl (-frs, frs)’ 0 < frs <o, r=1, ..., q.

The extension of the results in the previous sections to vector random fields
can be based on considerations similar to those in Sec. 3.2. Indeed, the com-
ponents Xr(;) of X(t), r = 1, ..., p, are real-valued band-limited random
fields such that results in Sec. 3.3 apply to each of these components.

Therefore, the models

er qu q
X w8 = . E_N S E-N Xr(klrrl""qurq) Isl_lak gts; T.). (3.37)
1 “rl q rq
in which N(r) = (er, ey qu) and Trs - 1/(2frs) and
r1(;)gnﬂ«rl nrq(E)Enrq+l q
(r) = e X (k.T_.,.. ) I o {(t; T)
r ,n(r) 1°rl k s s
kl-nrl(_t_:_)-nrl kq—nrq(g)-nrq 4 gat [
q
Ee 521 [nrs(;) Trs’ (nrs(2)+1) Trs]’ (3.38)

in which n ((£) = [t/T ] = the largest integer smaller than t/T.g and n, =
positive integers, approach X.(t), r = 1, ..., g, in the mean square sense as
Nog +«@and n., +», s =1, ..., q, respectively. It is also possible to show

that the vector random fields with components xr,ﬂ(r)(g) and Y. n(r)(g)

3-18



converge in the mean square sense to X(t) as N,¢ and n., approach infinity,

respectively, r =1, ..., p;i s =1, ..., q.
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SECTION 4
SIMULATION ALGORITHMS

The local representations in Eqs. (3.19), (3.30), (3.36) and (3.38) are used
to generate realizations of a zero-mean stationary Gaussian random function
X(t) e RP, t ¢ RY, for q =1, p=1;q=1,p>1; q>1, p=1; and q > 1,

p > 1. The local representations involve a fixed number of random variables
that are equal to the wvalues of the random function at a set of nodal points.
The set of nodal points is determined by the size of the window considered in

the representation and the value of argument t.
4.1. Random Processes (q=1, p= 1)

Consider an instant t, the corresponding cell [n.T, (n +1)T}, and the local

approximation Y (t) of order n in Eq. (3.19). Suppose that a sample

nt+n+1

Va(t) = Y x o (e T) (4.1)

k-nt~n

of Yn(t) is available in the cell. It involves realizations Ry of the nodal

values X of the process X(t) included in the window [(nt-n)T, (nt+n+1)T].

The objective is to extend the sample yn(t) of Yn(t) in the next cell
[(nt+l)T, (nt+2)T]. ihis extension depends on the nodal values X, k =
nt-n+l, c ey nt+n+2, of which the wvalues Xk = Xy, k < nt+n+l, have already
been generated. The only new ncdal (random) value in the local representation
of X(t) over the cell [(nt+l)T, (nt+2)T} is Xnt+n+2' Therefore, the generated
sample of xnt+n+2 should be conditioned on Xy = %0 k < n.+n+l. In the
proposed algorithm for simulation the condition is limited to the width of the

window such that the new nodal value is a sample of the random variable
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*

Xnt+n+2 = Xnt+n+2 {Xk =Xy k = ne-n, ..., nt+n+1}. Efficient methods

are available for generating samples of conditional CGaussian variables
(Appendix). The generation of the nodal values for the subsequent cells can
be performed sequentially when time t crosses from one cell to another. The
storage requirement is minimal because only 2(n+l) values need to be recorded
at any time t. This constitutes a major advantage over the simulation method
based on a discrete spectral representation of X(t) that requires storage of
realizations of many random variables. Moreover, the generation of samples of
X(t) is performed on line, similar to the simulation method based on the ARMA
model. However, the definition of the local representation of X(t) requires

much less computation than for an ARMA model.

Example 1. Suppose that X(t) is a band-limited white noise process with spec-
trum s(f) = 85, sg = 1.0, for £ e(-f, £y, £ = 0.5, and zero otherwise.
Covariances of the approximation Y,(t) of X(t) are shown in figure 4-1 for

t/T = k, k+1/4, k+1/2, and k+3/4, in which k is an integer.

Results in table 4-1 and figure 4-2(a) are based on 5000 realization of Yn(t)
for n =1 and 3. They show, consistent with theoretical results in figure

4-1, that the variance of Yn(t) depends on the order n of the model.

Unsatisfactory estimates can be obtained for n = 1 when time t coincides with
the mid point between consecutive nodes. On the other hand, the histograms

follow closely the probability of X(t) for all values of n.
The proposed simulation algorithm is particularly efficient when applied to

estimate the probability ¢q(x) that a process X{t) exceeds a high threshold x

at an arbitrary instant. For example, suppose that X(t) is a stationary band-
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FIGURE 4-1 Covariance Functions of Y, (t)
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(a) Band-Limited White Noise
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— ne]

{(b) Truncated First Order Markov

FIGURE &4-2 Histograms of Yh(t) in Eq. (3.19) for Band-Limited White Noise and
Truncated First Order Gauss-Markov Processes
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TABLE 4-1 Estimated Variances of Y (t) for a
Band-Limited White Noise

Model Yn(t)
Time
n=1 n=3

0.0 0.9996 0.9888

.25 0.9466 0.9433

.50 0.8754 0.9087

75 0.9282 0.9455
10.0 0.9938 0.9670
10.25 0.9298 0.9433
10.50 0.8563 0.9337
10.75 0.9180 0.9713

limited Gaussian white noise with bandwidth (0, 0.5), mean zero, and variance
one. Estimates of q(x) based on Y, (t) in Eq. 3.19 have errors of approxi-
mately 3% when x = 5, n = 75, and the sample size is infinity. On the other
hand, a thousand harmonics with random phase are needed to achieve a 3% error
in the estimates of q(x) for x = 5 when the simulation is based on the spec-
tral representation method and infinite sample size [15]. The computation
times for generating a thousand 10 sec. long realizations of X(t) are 63 and
15.80 minutes for the spectral representation method and the algorithm devel-

oped in this study, respectively.

Example 2. Similar results as in table 4-1 and figure 4-2(a) are presented in
table 4-I1 and figure 4-2(b) for a process X(t) with power spectral density
obtained by truncating the spectrum of a first order Gauss-Markov process.

The spectrum s(f) of X(t) is proportional with (4n’ £2 + a2)"L for £ e(-£, E),
f = 0.5, and zero otherwise. It is scaled such that the variance of X(t) be

equal to one. Even the lower order model (n=1) provides a satisfactory



TABLE 4-I1 Estimated Variances for a Truncated First Order
Gauss-Markov Process

Model Yn(t)

Time

n=1 n=3
0.0 1.0163 0.5899
0.25 0.9994 0.9951
0.50 0.9975 0.9952
0.75 1.0336 1.0090
10.0 0.9652 0.9861
10.25 0.9699 0.9762
10.50 0.9862 0.9748
10.75 1.0301 0.9944

approximation for this process. Results correspond to 5000 realizations of
Y,(t) and @ = 2. The improved representation relative to the case studied in
Example 1 relates to differences in the frequency content of the band-limited

white noise and the truncated Markov processes.

Example 3. The mean upcrossing rate of level x of X(t) can be obtained from

the Rice formula [3]

A
[ 1,2
r(x) = e €XP (- 5 X ) (4.2)
£
in which A2 - (2«)3 I f2 s(f) df. Simulation can also be used to obtain
-f

estimates Un(x) of v(x) from realizations of the model Yn(t) in Eq. (3.11) of

X(t).

Figure 4-3(a) and table 4-III give the mean x-upcrossing rates v(x) and v (%)

when X(t) is the band-limited white noise process in Example 1. Figure 4-3(b)
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Mean Upcrossing Rate

1
(a) Band-Limited White Noise Leve

Mean Upcrossing Rate

0 ' 1 ' 2 ' 3 ' +
Level
(b) Truncated First Order Markov

Mean Upcrossing Rate

4

Level

(c¢) Envelope of a Narrow Band Process with Constant Power within a
Small Frequency Range

FIGURE 4-3 Mean Upcrossing Rates for Band-Limited White Noise, Truncated First
Order Gauss-Markov, and Envelope of a Narrow Band Gaussian Process
with Constant Power within a Small Frequency Range

4-7



TABLE 4-II1 Mean Upcrossing Rates for a Band-Limited Gaussian
White Noise Process

Exact, »(x)

Simulation based on Yn(t), un(x)

Level x
(Eq. 4.2) n=1 =2 115 n=10
0.0 2.87x10°1 2.71x10°1 2.77x10° 1 2.80x10° L 2.84x107 1
1.0 1.75x10°1 1.62x10° L 1.65x10° 1 1.71x10°1 1.73x10°}
2.0 3.91x10°2 3.44x1072 3.63x10°2 3.79x10°2 3.85x10°2
3.0 3.21x10"3 2.62x1073 3.10x10°3 3.26x10°3 3.34x107 3
TABLE 4-IV Mean Upcrossing Rates for a Truncated First Order
Gauss-Markov Process
Exact, w(x) Simulation based on Yn(t), un(x)
Level x (E 4.2)
q. - n=1 n=2 n=5 n=10
0.0 2.39x10° % 2.35x10°1 2.33x10° 1 2.37x10°1 2.40x10° 1
1.0 1.45x10° 1 1.40x10°1 1.40x1071 1.38x10°1 1.43x10° %
2.0 3.24x10° L 3.05%10"2 3.10x10"2 3.18x10°2 3.19x10°2
3.0 2.66x10° > 2.44x1073 2.30x10°3 2.24x1073 2.14x107 >

and table 4-IV show simulation results for the truncated Markov process in

Example 2.

The estimated mean upcrossing rates are satisfactory even for n = 1.

Example &.

The simulation results are based on 5000 realizations of Yn(t).

Suppose that X(t) 1s a zero mean stationary Gaussian process with

a narrow band spectrum s(f) = s5 = 0.5, for |f = f0| <f, 0<f << £y, f =0.5.

fO = 20, and zero otherwise,

The peaks of narrow band processes tend to clus-

ter in time such that maxima of X(t) can be estimated more accurately from

upcrossings of the envelope

V(t) of the process defined in Eq. (3.12). It



can be shown that the mean v-upcrossing rate of V(t) is [3,4]

2

. exp(,z_]
J)‘_O 2/\0

(4.3)

oo
in which A = I |2 f|k s(f) df, k = 0, 1, ..., are spectral moments.

-0

%* * . . .
Let v, (v) be an estimate of v (v) obtained from realizations of the n’th

order local approximation of V(t) defined by

1/2

v (t) =~ [Y w2+ v ()2 ]

c,n s,n

(4.4)

in which ¥

c,n and Ys,n(t) are given in Eq. (3.21).

Figure 4-3(c) and table 4-
V show the mean rates u*(v) and vn*(v) for several values of n. Satisfactory

*
approximations are obtained for v (v) when n > 2.

TABLE 4-V Mean Upcrossing Rates of the Envelope of a Narrow
Band Gaussian Process

*
Exact, v*(v) Simulation based on V,(t), v, (V)
Level v (E 4.3)
q. % =]l n=2 n=5 n=10
1.0 4.39x10°1 4.13x10°1 4.21x10°1 4.28x10°1 4.31x10°1
2.0 1.96x10°1 1.72x10°1 1.79x10°1 1.86x10°1 1.92x10°1
3.0 2.71x10°2 1.80x10°2 1.93x1072 2.21x10°2 2.27x10°2
4.0 9.71x10°% 4.60x10°% 6.80x1073 8.20x10"% 6.60x10°%
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4.2. Veétor Random Processes (q = 1, p > 1)

Consider an instant t, the corresponding cells [n],_.,t Ty (nr,t+l)Tr]’

r=1,..., p, and the local representations Yr,n(t)’ r=1, ..., p, in
Eq. (3.30) depending on the nodal values X, ¢, k =n, .-n., ..., n, t+nr+l’
r=1, ..., p. The generation of samples of X(t) based on these representa-

tions can pose minor bookkeeping problems when the nodal intervals T, do not

coincide for all components. Two cases are examined.

Case 1 (T =T; r =1, ..., p). The parameters np ¢ = N have the same values
for all components because Tr =T, r=1, ..., p. The window sizes n, may
depend on the component. However, the same window sizen, =n, r =1, ..., p,

is used for all components,

Let t be an instant in cell [ntT, (nt+1)T] and yg(t) a realization of Xﬂ(t) in
this cell depending on the nodal values K((nt+n+l)T) = X1 .- K((nt-n)T) =
X9 (n+1) of X(t). The extension of xg(t) in the next cell [(nt+1)T, (nt+2)T]
involves a sample of random vector X((n,+n+2)T). This sample depends on the
previously generated nedal values of the process. For simplicity, the condi-
tion is only extended over the width of the window, i.e., a sample of

X ((agtn+2)T) = X((npne2)T) | (E(ng+ntl)T) = %7, ..., X((ag-041)T) = Xpp0q)
is used in simulation. The generation of such conditional samples can be

performed efficiently by the algorithm in the Appendix.

Case 2 (General): The nodal peints and window sizes differ from component to

component. Consider first the special case in which the periods T, do not

differ significantly. Let
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T = min (T ) (4.9)
1<r<p

and take n. =mn, r= 1, ..., p. Simulation of samples of X(t) can be based on
the representation in Eq. (3.30) with T, replaced by T in Eq. (4.5) and the
approach in Case 1. The replacement of T, by T in Eq. (4.5) is valid because
it corresponds to a sampling rate that is equal or higher than the minimum
required rate. This approach can be applied in all situations. However, it

may become inefficient when the components of X(t) have significantly differ-

ent bandwidths.

Consider now the more general case in which the nodal intervals T, satisfy the

conditions
T12Tp 2 ... 2 Tp (4.6)
and
Tr-l
Tr - , r=1, ..., p (4.7)
r,r-1

where m. . 1 are positive integers and m g = 1. The condition in Eq. (4.6)
can always be satisfied by renumbering the components of X(t). On the other
hand, Eq. (4.7) is not generally true. However, it can be validated if the
bandwidths of the components of X(t) are adequately increased., From Egs.
(4.6) and (4.7), there are instances at which all components have nodes and
the period of these Instances is T;. The simulation algérithm can consist of
cycles of duration T). Let ty be an Instant at which all nodes coincide. The
algorithm starts by generating realizations of components X_.(t) in the cells
(to, t0+Tr), r =1, ..., p. Then, the realization of Xp(t) is extended in the

next mp,p-l cells of length TP until the next node of component Xp_l(t).
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The next step is to extend the realization of Xp_l(t) one step ahead in cell
(t0+Tp_1, t0+2Tp_1). The process continues until realizations are obtained
for components (X,(t), ..., Xp(t)} in [tq, t0+T1]. This constitutes the end

of a simulation cycle.

Example 1. Consider the zero-mean bivariate Gaussian process X{(t) with

components
Xr(t) = [1-p Yr(t) + [p Y(1), 0«<p<l, r=1, 2 (4.8)

in which Yr(t), r =1, 2, and Y(t) are independent zero-mean, unit-variance
stationary Gaussian processes. The power spectral densities Sy £y, r =1, 2,
and sY(f) of these processes are constant and equal to s. = 1/(£wfr*),

r=1, 2, and s = 1/(4ﬂf*) in (-fr*, fr*) and (-f*, f*), respectively, and

zero outside these frequency bands. The corresponding covariance functions

are

. *
s:l.n(21tfr T)

Cy (r) = E Yr(t+r) Yr(t) -—— , r =1, 2
r Erfr T
. *
ey(r) = E ¥(t+r) Y(r) = SRE2TET) (4.9)

2nf r

The covariance functions cru(f) - E Xr(t+r) Xu(t), r, u=1, 2, of the compo-

nents of X(t) are
crr(r) - (1-p) ch(r) + cY(r) . r=1, 2

cru(r) = p cY(r) , r,u=1, 2, r=u (4.10)

so that the corresponding power spectral densities can be obtained from
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srr(f) = (1-p) sy (f) + p SY(f) , r=1,2
Tr

Sru(f) = p SY(f) , r, u=1, 2, r = u (4.11)

Therefore, the components X,.(t) of X(t) have power in the frequency band

. _ . % %
(-fr, fr)’ where fr = max {fr , Fl, r=1, 2.

Figure 4-4 shows exact and approximate covariance functions c.,(7) for fl* =
1.0, fz* = 0.2, and f* = 0.1 for a medium correlation of the components Xl(t)
and X5(t), p = 0.5. The approximate covariance functions correspond to the
local representation in Eq. (3.30) with T, = 1/(2f1) = 0.5, Ty = l/(2fz) -
2.5, window sizes n =1, 2, 5, 10, and instances t coinciding with the nodes
and the mid points between consecutive nodes. Consistent with Proposition 5
the approximate covariance functions approach the exact values cru(f) as the
window size n increases. The convergence is faster at instances t coinciding

with nodal points.

Example 2. Consider the same vector random process as in Example 1 and a safe

set D = {(%{, Xp) ! % £ay, i=1, 2), vhere a; are specified thresholds.

It can be shown that the mean rate at which X(t) crosses out of D, or the mean

D-outcrossing rate of X(t) is [17]

v(D) = ul(al) [1 - @(aal + ﬁaz)] + V2(32) o(d) (4.12)

in which

a=p/ 107 8- i
2 2
d2 = [al - aaz/|1+a2| + Eual + ﬂa2 + 32A|1+02]
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FIGURE 4-4 Covariance Functions of !ﬁ(t) in Eq. (3.30) and X(t) for the
Bivariate Gaussian Process X(t) in Eq. (4.8) with p = 0.5
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FIGURE 4-4 Covariance Functions of In(t) in Eq. (3.30) and X(t) for the
Bivariate Gaussian Process X(t) in Eq. (4.8) with p =~ 0.5
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ul(al) - %; [E ).(l(t)2 exp [ - % al2 ]

2
. 2 a
1 E Z(t) 1 2
vo(a,) = =— 22520 exp AL
2(8p) = 32 IE Y. [ 7 2 Z(t)z]
2(t) = (a 2 (£) - Zy(£)) / |1 + a?

Zl(t) = Xl(t) , Zz(t) - Xl(t) + 8 Xz(t) (4.13)

Table 4-VI gives values of v{(D) in Eq. (4.12) and estimates of this mean
D-outcrossing rate obtained from 10,000 samples of X(t) generated from the
local model Xn(t) in Eq. (4.8). Results are for (al, as) = (3, 3); (2, 3);
(3, 2); and (2, 2) and p = 0.9999; 0.5. The estimates of »(D) can be obtained
by calculating the rate of D-outcrossings for each sample of X(t) and averag-

ing this rate over the ensemble of samples. A sample of X(t) has a

D-outcrossing in a small time interval (t, t+At) when X(t)eD and X(t+At)4D.

TABLE 4-VI Mean D-Outcrossing Rates of X(t)

p = 0.9999 p = 0.5
(al: a2)
Simulation Simulation
Exact 1 Exact
N2 n=5 n=10 n=2 n=5 n=10

(3,3 .00378].00148(.00068] .00065 |.00610}.00493[.005321 .00534
(2,3) ,02975].01321(.00948] .00849 |.05736].05289(.05625] .05567
(3,2) .01051].00799|.00782] .00782 |.01583(.01498].01498] .01550
(2,2) .03377]|.01446}.00812] .00792 |.06236|.05810].06024) .05946

4-16



Example 3. Consider another bivariate Gaussian process X(t) whose components
satisfy the stochastic differential equations
X, (t) -p 0 X, (t) 1 '
d 1 1 1
dt [ Xy () ] B [ . ] [ X, (t) ] * [ 1 ] () (4.14)
2 2 2

in which Py > 0, r=1, 2, and W{t) is a zero-mean stationary Gaussian white
noise process with covariance function c (7)) = cj 6(7r). Direct calculations

show that the covariance and power spectral density functions of the station-

ary components of X(t) are

e pelrl
el (1) =2e e T . r=1,2
rr 2pr
-p r
h e 1 , T >0
12 ~ p.+p PaT
1772 2 s T <0
CZI(T) - c12(-r) (4.15)
and
1
s, (f) = —5————= s r=1, 2
rr pr2 . (2«5)2

p1pp + (2rE)% + 7T (py-py) 2u

S,n(f) =
12 lp1py + (2n£)21% + [(py-py) 2n£ ]

(4.16)

Figure 4-5 shows exact and approximate covariance functions of the stationary
response X(t) in Eq. (4.14) for several values of Pr» T = 1, 2, and instances
t coinciding with nodes and mid points between nodes. The approximate covar-
iance functions are based on the local representation in Eq. (3.30) and window

sizes n=1, 2, 5, 10. The local representation in Eq. (3.30) is a
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nonstationary Gaussian process. However, the representation approaches X(t)

as the window size n increases.

4.3. Random Fields (q > 1, p = 1)

Consider an argument t, the corresponding cell I [nS(L)TS, (ns(;)+l)Ts],
s=1
and the local representation Y, (t) in Eq. (3.36) depending on the nodal values

Xkl""'kq’ kS - ns(g)-ns, RN ns(§)+ns+1, s =1, ..., q. Consider also a
q

rectangular domain D = 1 [0, as] in RY,
gs=]

The objective is to generate samples of X(t) in D based on the model Y, (t) in

Eq. (3.36). The case q = 2 is used to demonstrate the algorithm. Suppose

first that n; >> ny, where ng = a/T,, s = 1, 2, as shown in figure 4-6.

Then, the model Yn(E) can be given in the form

nl(g)+nl+1
e - k1=n§(£)-nl Xkl(tz) akl(tl; ) (4.17)
in which
n2+ﬁ2+1
X (52 = )) Rk, %k, (P25 T2) (4.18)

k2--n2 1°72

The simulation of a realization of X(t) in D can proceed in cycles generating
realizations of the field in sets of cells, cells 1, ..., ﬁz in the first
cycle, cells ﬁ2+l, ces 2ﬁ2 in the second cycle, and so on. The simulation
starts with the generation of samples of X(t) at nodal points (lel' kyTy),

kl = Ny, ..., nl+l, k2 = Mg, ..., n2+ﬁz+1. Then, Eqs. (4.17) and (4.18) can
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be used to obtain a realization of X(t) in cells 1, ..., ﬁz. This completes
the first cycle. The second cycle starts with the generation of samples of
%(£) at nodal points (kqTy, kpTg), ky = n1+2, kg = -ng, ..., no+ng+l, that are
needed to calculate Yn(t) from Eqs. (4.17) and (4.18) when t belongs to cells
ﬁ2+1, cey 252. The nodal values of the field generated in this cycle are
dependent on the previously generated nodal values of X(t). The algorithm
generates a sample of the conditional Gaussian vector ¥V, =

{X((n1+2)T¢, -nyTy), ..., X((ng+2)Tq, (n2+ﬁ2+1)T2)}' given the values of
vector ¥ = {X(kqTy, k9Tp), k; = -ny, ..., ny+l, kg = -ny, ..., n2+ﬁ2+l)'.
These vectors have dimensions 2n2+ﬁ2+1 and 2(n1+1)(2n2+ﬁ2+1), respectively.
All the subsequent cycles are similar to cycle 2. The generation of condi-

tional Gaussian variables can be based on the algorithm in the Appendix.

The simulation procedure in Eqs. (4.17) and (4.18) becomes less satisfactory
when both nj and n, are large because the number of random variables that has
to be stored during every cycle increases substantially. Alternative simula-
tion algorithms can be developed in this more general case. For example,

Eq. (3.36) can be used directly to generate a sample of X(t) by "marching"
from cell to cell. The algorithm has to account for previously generated
nodal values of X(t) that may affect the sample of the field in any particular
cell. The complexity of the simulation algorithm increases when the dimension
of the field q exceeds 2 and/or the domain D i1s not rectangular. Neverthe-
less, the complexity relates to bookkeeping issues rather than conceptual or

theoretical considerations.

Example 1. Consider a real-valued homogeneous Gaussian field X(t) defined on

R? with mean zero and power spectral density
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(4.19)
Q , otherwise
where sy = 1/(16 n* £.,) and 0 <f_<=, s =1, 2. The field has the
covariance function
2 2 sin(2ﬂfsfs)
c(r) = EX(t +7) XK(£) =0 I —- (4.20)
s=] wasfs

and variance c{(0) = 1. It is referred to as band-limited Gaussian white noise

random field.

The covariance function of two local representations of order m and n in Eq.

(3.36) is

ep p(E¥T, £ = E Y (&r1) Y (£)

nl(§+1)+n1+1 nz(t+L)+n2+l m1(§)+m1+1 m2(§)+m2+l

- ) ) ) ) e(lky-2)T;, (ky-2,)T,)
kl=n1(§+1)-n1 kz-n2(£+1)-n2 21-m1(;)-m1 Ez-mz(_t;)-m2

2 2
* . .
I @ (ts+rs, TS) II @, (tu’ Tu) (4.21)
=1 s u=1 u

Figure 4-7 shows exact and approximate covariance functions in Egs. (4.20) and
(4.21) for several values of £, m = n, El = 1.0, and f2 = 0.5, as a function
of the lag 7 = (712 + 722)1/2 for several wvalues of T and To. The local
representation Y,(t) is not stationary, as previously indicated. However, it
is nearly stationary unless the window size n is extremely small. The figure

does not show approximate covariances for £ equal to a nodal point because

they coincide with the exact covariances for a band-limited white noise field.
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Example 2. Consider a real-valued homogenous Gaussian random field X(t),

te R2, with zero-mean, unit-variance, power spectral density

[N

2

2 (d_f )

S(E) == I 52 exp [ - —5= ] (4.22)
s5=1

where dg > 0, s =1, 2, and covariance function

2 LEg 2
c{r) = exp [ - sgl [ T ] ] (4.23)

To apply the simulation algorithms, s{f) is approximated by

S(_t;) 5 f = ('f + E ) y 8§ = 1: 2
s(f) = (4.24)
0 , otherwise

in which 0 < fs <o, 5 =1, 2, are so chosen that most of the power of s(f)

is included in (-fl, fl) x (-f2, fz).

Figure 4-8 shows exact and approximate covariance functions of the field. The
approximate covariance functions are based on the local representation in

Eq. (3.36), El = 1.0, EZ = 0.5, d; = 3, and d2 = 6. Results show that the
approximate covariance functions approach stationarity and the exact covar-

iance functions as the window sizes increase.
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SECTION 5
CONCLUSIONS

A general method was developed for generating samples of stationary Gaussian
processes, vector processes, fields, and vector fields. The method is based
on the sampling theorem for real-valued deterministic and random functions
defined on the real line and a generalization of it for vector functions
defined on vector spaces. The probabilistic model of a stationary Gaussian
random function used in simulation depends on a finite number of values of
this function at a set of points, referred as nodes. The model (i) improves
as the number of nodes increases; (ii) converges to the random function as the
number of nodes apprqaches infinity; (iii) is simple; and (iv) is fully
defined by the finite dimensional distributions of the random function. More-
over, the algorithm is efficient and sample generation can be performed on-
line, analogous to the generation by the ARMA sequence. The codification of
the simulation algorithm can be delicate for vector random processes and

fields because of bookkeeping issues.

Several examples were presented to illustrate the simulation method and eval-
uate the rate of convergence of the proposed probabilistic models to the ran-
dom functions they represent. The examples include random processes, vector
random processes, and random fields. Numerical results demonstrate that the
proposed simulation method is a viable alternative to current techniques for

the generation of realizations of stationary Gaussian functions.
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APPENDIX
GENERATION OF CONDITIONAL GAUSSIAN VARIABLES AND VECTORS

Let Y be a n-dimensional zero-mean Gaussian vector with covariances vy, =
EY Yy, k, £ =1, ..., n. Consider a partition of ¥ in two vectors X(l) and
1(2) consisting of the first 1 < n; < n and the last n), = n-n; components of

Y. Suppose that a value x(l) of X(l) is given. The objective is to generate

samples of the conditional Gaussian vector 2(2) = 1(2) | X(l) = x(l)' Con-

sider the transformation [9]
I=a¥ (A.1)

in which ¥ is a vector consisting of n independent standard Gausslan variables

with zero mean and unit variance and a is a lower triangular matrix with

components
2-1
Tkt~ J.El ki %3
au..[ Eil 211/2 L k=12, . n1S2<k (A2)
¥ a
kit j=1 £]
0 0 2
and the convention ) a, . a,, = 2 a,.” = 0. The determination of matrix a
=1 kj “£] j=1 2]

can be performed sequentially starting with the first row and involves elemen-
tary algebraic calculations. Moreover, the components of V can be obtained

from the components of Y sequentially, and the equalities

k-1
1
Vv, ==—1[Y - % a,V,] , k=1,2,3, ....,n (A. D)
k ayy k = ki "%
with the starting condition V1 - El— Yl'
11



Suppose that X(l) = z(l) = (yl, ey ynl). From Eq. (A.3), the first ny

components of V are equal to
Vi = oo [ Yi - z ag Vo ] , k~=2, ..., n, {(A.4)

!
in which vy = L ¥y Let z(l) ) be a vector consisting of

a n
11 1
components calculated in Eq. (A.4) and y(z) a vector of n, independent

standard variables. Then, from Eq. (A.l), the conditional vector X(z) is

¥ =g, o gy, ¥ (a.5)
in which ay; consists of the last ny rows and the first n; columns of g while
499 is a nyp-dimensional lower triangular square matrix obtained from the last

n, rows and columns of a.

The generation of samples of 1(2) is based on Eq. (A.53). It involves genera-
tion of a realization 3(2) of the n, independent standard Gaussian variables
2(2) and calculation of the corresponding value 1(2) of the conditional vector

(@ oy 1y L 31 gron kq. .S,

X = 897 ¥ + &99 ¥y (A.6)
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"Experiment on Performance of Buried Pipelines Across San Andreas Fault,” by J. Isenberg, E. Richardson
and T.D). O'Rourke, 3/10/89, (PB8S-218440/A8).

"A Knowledge-Based Approach to Structural Design of Earthquake-Resistant Buildings," by M. Subramani,
P. Gergely, C.H. Conley, I.F. Abel and AH. Zaghw, 1/15/89, (PB89-218465/A8).

"Liquefaction Hazards and Their Effects on Buried Pipelines,” by T.D. O'Rourke and P.A. Lane, 2/1/89,
(PB89-218481).

"Fundamentals of System Identification in Structural Dynamics,” by H. Imai, C-B. Yun, O. Maruyama and
M. Shinozuka, 1/26/89, (PB89-207211/AS).

"BEffects of the 1985 Michoacan Earthquake on Water Systems and Other Buried Lifelines in Mexico,” by
A.G. Ayala and M.J. O'Rourke, 3/8/89, (PB89-207229/A8).

"NCEER Bibliography of Earthquake Education Materials,” by K.E.K. Ross, Second Revision, 9/1/89, (PB90-
125352/A8).

“Inelastic Three-Dimensional Response Analysis of Reinforced Concrete Building
Structures (IDARC-3D), Part I - Modeling," by $.K. Kunnath and AM. Reinhorn, 4/17/89, (PB90-
114612/AS).

"Recommended Modifications to ATC-14," by C.D. Poland and J.O. Malley, 4/12/89, (PB90-108648/AS).

"Repair and Strengthening of Beam-to-Column Connections Subjected to Earthquake Loading," by M.
Corazao and A.J. Durrani, 2/28/89, (PB90-109885/AS).
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NCEER-89-0020

NCEER-89-0021

NCEER-89-0022

NCEER-89-0023

NCEER-89-0024

NCEER-83-0025

NCEER-89-0026

NCEER-89-0027

NCEER-89-0028

NCEER-89-0029

"Program EXKAL2 for Identification of Structural Dynamic Systems,” by O. Maruyama, C-B. Yun, M.
Hoshiya and M. Shinozuka, 5/19/89, (PB90-109877/AS).

"Response of Frames With Bolted Semi-Rigid Connections, Part I - Experimental Study and Analytical
Predictions,” by P.J. DiCorso, A.M. Reinhorn, I.R. Dickerson, J.B. Radziminski and W.L. Harper, 6/1/89, to
be published.

"ARMA Monte Carlo Simulation in Probabilistic Structural Analysis,” by P.D. Spanos and M.P. Mignolet,
7/10/89, (PB90-109893/A8).

"Preliminary Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake Education
in Our Schools,” Edited by K.E.K. Ross, 6/23/89.

"Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake Education in Our
Schools,” Edited by K.E.K. Ross, 12/31/89, (PBS0-207895). This report is available only through NTIS (see
address given above).

"Multidimensional Models of Hysteretic Material Behavior for Vibration Analysis of Shape Memory Energy
Absorbing Devices, by E.J. Graesser and F.A, Cozzarelli, 6/7/89, (PB90-164146/AS).

"Nonlinear Dynamic Analysis of Three-Dimensional Base Isolated Structures (3D-BASIS),” by S. Nagarajaiah,
AM. Reinhom and M.C. Constantinou, 8/3/89, (PB90-161936/AS). This report is available only through
NTIS {see address given above).

"Structural Control Considering Time-Rate of Control Forces and Control Rate Constraints,” by F.Y. Cheng
and C.P. Pantelides, 8/3/89, (PB90-120445/A8).

"Subsurface Conditions of Memphis and Shelby County,” by K.W. Ng, T-S. Chang and H-HM. Hwang,
7/26/89, (PB90-120437/AS).

"Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines,” by K. Elhmadi and M.J. O’Rourke,
8/24/89, (PB90-162322/A8).

"Workshop on Serviceability Analysis of Water Delivery Systems," edited by M. Grigoriu, 3/6/89, (PB90-
127424/AS).

"Shaking Table Study of a 1/5 Scale Steel Frame Composed of Tapered Members,” by
K.C. Chang, J.8. Hwang and G.C. Lee, 9/18/89, (PBY0-160169/AS).

"DYNAI1D: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical Documentation,”
by Jean H. Prevost, 9/14/89, (PB90-161944/A8). This report is available only through NTIS (see address
given above).

“1:4 Scale Model Studies of Active Tendon Systems and Active Mass Dampers for Aseismic Protection,” by
AM. Reinhorn, T.T. Soong, R.C. Lin, Y.P. Yang, Y. Fukao, H. Abe and M. Nakai, 9/15/89, (PB9Y0-
173246/AS).

“Scattering of Waves by Inclusions in a Nochomogeneous Elastic Half Space Solved by Boundary Element
Methods,” by P.K. Hadley, A. Askar and A.S. Cakmak, 6/15/89, (PB90-145699/AS).

"Statistical Evaluation of Deflection Amphﬁcaﬁon Factors for Reinforced Concrete Structures,” by HH.M.
Hwang, J-W. Jaw and A.L. Ch’ng, 8/31/89, (PB90-164633/AS).

"Bedrock Accelerations in Memphis Area Due to Large New Madrid Earthquakes," by H.HM. Hwang, CH.S.
Chen and G. Yu, 11/7/89, (PB90-162330/A%).
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NCEER-50-0001

NCEER-90-0002

NCEER-90-0003
NCEER-90-0004

NCEER-90-0005

NCEER-80-0006

NCEER-%0-0007

"Seismic Behavior and Response Sensitivity of Secondary Structural Systems,” by Y.Q. Chen and T.T. Soong,
10/23/89, (PB90-164658/AS).

"Random Vibration and Reliability Analysis of Primary-Secondary Structural Systems,” by Y. Ibrahim, M.
Grigoriu and T.T. Soong, 11/10/89, (PB90-161951/AS8).

"Proceedings from the Second U.8S. - Japan Workshop on Liquefaction, Large Ground Deformation and Their
Effects on Lifelines, September 26-29, 1989, Edited by T.D. O’Rourke and M. Hamada, 12/1/89, (PBS0O-
200388/AS).

"Deterministic Mode! for Seismic Damage Evaluation of Reinforced Concrete Structures,” by J.M. Bracci,
AM. Reinhorn, J.B. Mander and 8 K. Kunnath, 9/27/89.

"On the Relation Between Local and Global Damage Indices," by E. DiPasquale and A.S. Cakmak, 8/15/89,
(PB90-173865).

"Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts," by A.J. Walker and H.E. Stewart,
7/26/89, (PB90-183518/A8).

"Liquefaction Potential of Surficial Deposits in the City of Buffalo, New York," by M. Budhu, R. Giese and
L.. Baumgrass, 1/17/89, (PB90-208455/A8).

"A Determinstic Assessment of Effects of Ground Motion Incoherence,” by A.S. Veletsos and Y. Tang,
7715/89, (PB90-164294/AS).

"Workshop on Ground Motion Parameters for Seismic Hazard Mapping,” July 17-18, 1985, edited by R.V.
Whitman, 12/1/89, (PB90-173923/AS).

"Seismic Effects on Elevated Transit Lines of the New York City Transit Authority,” by C.J. Costantino, C.A.
Miller and E. Heymsfield, 12/26/89, (PB30-207887/AS).

"Centrifugal Modeling of Dynamic Soil-Structure Interaction,” by K. Weissman, Supervised by I.H. Prevost,
5/10/89, (PBO0-207879/A8).

"Linearized Identification of Buildings With Cores for Seismic Vulnerability Assessment,” by I-K. Ho and
A.E. Aktan, 11/1/89, (PB90-251943/AS).
"Geotechnical and Lifeline Aspects of the October 17, 1989 Loma Prieta Earthquake in San Francisco,” by

T.D. O'Rourke, H.E. Stewart, F.T. Blackburn and T.S. Dickerman, 1/90, (PB90-208556/AS).

"Nonnormal Secondary Response Due to Yielding in a Primary Structure,” by D.C.K. Chen and L.D. Lutes,
2/28/90, (PB90-251976/AS).

"Earthquake Education Materials for Grades K-12," by K.E K. Ross, 4/16/90, (PB91-113415/AS).
"Catalog of Strong Motion Stations in Eastern North America," by R.W. Busby, 4/3/90, (PBX)-251984)/AS.

"NCEER Strong-Motion Data Base: A User Manuel for the GeoBase Release (Version 1.0 for the Sun3),"
by P. Friberg and K. Jacob, 3/31/90 (PBS0-258062/AS).

"Seismic Hazard Along a Crude Oil Pipeline in the Event of an 1811-1812 Type New Madrid Earthquake,"
by H.H.M. Hwang and C-H.S. Chen, 4/16/950(PB90-258054).

"Site-Spectfic Response Spectra for Memphis Sheahan Pumping Station,” by HH.M. Hwang and C.S. Lee,
5/15/90, (PB91-108811/AS).
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"Pilot Study on Seismic Vulnerability of Crude Oil Transmission Systems,” by T. Ariman, R. Dobry, M.
Grigortu, F. Kozin, M. O'Routke, T. O'Rowke and M. Shinozuka, 5/25/90, (PB91-108837/AS).

"A Program to Generate Site Dependent Time Histories: EQGEN,"” by G.W. Ellis, M. Srinivasan and A.S.
Cakmak, 1/30/50, (PB91-108829/AS).

"Active Isolation for Seismic Protection of Operating Rooms," by MLE. Talbott, Supervised by M. Shinozuka,
6/8/9, (PB91-110205/A8).

"Program LINEARID for Identification of Linear Structural Dynamic Systems,” by C-B. Yun and M.
Shinozuka, 6/25/90, (PB91-110312/AS).
of Earth Dams,” AN.

"Two-Dimensional Two-Phase Elasto-Plastic Seismic Response by

Yiagos, Supervised by J.H. Prevost, 6/20/90, (PB91-110197/AS).

"Secondary Systems in Base-Isolated Structures: Experimental Investigation, Stochastic Response and
Stochastic Sensitivity,” by G.D. Manolis, G. Juhn, M.C. Constantinou and A.M. Reinhorn, 7/1/90, (PB91-
110320/AS).

"Seismic Behavior of Lightly-Reinforced Concrete Column and Beam-Column Joint Details,” by S.P. Pessiki,

C.H. Conley, P. Gergely and R.N. White, 8/22/90, (PB91-108795/AS).

"Two Hybrid Control Systems for Building Structures Under Strong Barthquakes,” by I.N. Yang and A.
Daniclians, 6/29/90, (PB91-125393/A8).

“Instantaneous Optimal Control with Acceleration and Velocity Feedback,” by IN. Yang and Z. Li, 6/29/90,
(PB91-125401/A8).

"Reconnaissance Report on the Northern Iran Earthquake of June 21, 1990," by M. Mehrain, 10/4/90, (PB91-
125377/AS).

"Evaluation of Liquefaction Potential in Memphis and Shelby County,” by T.S. Chang, P.S. Tang, C.8. Lee
and H. Hwang, 8/10/90, (PB91-125427/AS).

"Experimental and Analytical Study of a Combined Sliding Disc Bearing and Helical Steel Spring Isolation
System,” by M.C. Constantinou, A.S. Mokha and A M. Reinhem, 10/4/90, (PB91-125385/A8).

"Experimental Study and Analytical Prediction of Earthquake Response of a Sliding Isolation System with
a Spherical Surface,” by A.S. Mokha, M.C. Constantinou and A.M. Reinhorn, 10/11/90, (PB91-125419/A8).

"Dynamic Interaction Factors for Floating Pile Groups,” by G. Gazetas, K. Fan, A. Kaynia and E. Kausel,
9/10/50, (PBO1-170381/AS).

"Evaluation of Seismic Damage Indices for Reinforced Concrete Structures,” by S. Rodri gunez-Gomez and
A.S. Cakmak, 9/30/90, PB91-171322/AS).

"Study of Site Response at a Selected Memphis Site,”" by H. Desat, S. Ahmad, E.S. Gazetas and M.R. Oh,
10/11/90, (PB91-196857/AS).

"A User’s Guide to Strongmo: Version 1.0 of NCEER’s Strong-Motion Data Access Tool for PCs and
Terminals," by P.A. Friberg and C.A.T. Susch, 11/15/90, (PB91-171272/AS).

"A Three-Dimensional Analytical Study of Spatial Variability of Seismic Ground Motions," by L-L. Hong
and A.H.-S. Ang, 10/30/90, (PB91-170395/AS).
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NCEER-91-0008
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NCEER-91-0010
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NCEER-91-0012

NCEER-91-0013

NCEER-91-0014

"MUMOID User’s Guide - A Program for the Identification of Modal Parameters,” by S, Rodrignez-Gomez
and E. DiPasquale, 9/30/30, (PB91-171298/AS).

"SARCF-I User’s Guide - Seismic Analysis of Reinforced Concrete Frames," by S. Rodriguez-Gomez, Y.5.
Chung and C. Meyer, 9/30/90, (PB91-171280/AS).
"Viscous Dampers: Testing, Modeling and Application in Vibration and Seismic Isolation,” by N. Makris and

M.C. Constantinou, 12/20/90 (PB91-190561/AS).

"Soil Effects on Earthquake Ground Motions in the Memphis Area," by H. Hwang, C.8. Lee, K.W. Ng and
T.S. Chang, 8/2/90, (PB91-190751/AS).

"Proceedings from the Third Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities and
Countermeasures for Soil Liquefaction, December 17-19, 1990," edited by T.DD. O’'Rourke and M. Hamada,
2/1/91, (PB91-179259/A8).

"Physical Space Solutions of Non-Proportionally Damped Systems,” by M. Tong, Z. Liang and G.C. Lee,
1/15/91, (PB91-179242/AS).

"Seismic Response of Single Piles and Pile Groups,” by K. Fan and G. Gazetas, 1/10/91, (PB92-174994/AS)..

"Damping of Structures: Part 1 - Theory of Complex Damping,” by Z. Liang and G. Lee, 10/10/91, (PB92-
197235/A8).

"3D-BASIS - Nonlinear Dynamic Analysis of Three Dimensional Base Isolated Structures: Part IL" by §.
Nagarajaiah, A M. Reinhorn and M.C. Constantinou, 2/28/91, (PB91-100553/A8).

"A Multidimensional Hysteretic Model for Plasticity Deforming Metals in Energy Absorbing Devices,” by
E.J. Graesser and F.A. Cozzarelli, 4/9/91.

"A Framework for Customizable Knowledge-Based Expert Systems with an Application to a KBES for
Evaluating the Seismic Resistance of Existing Buildings," by E.G. Ibarra-Anaya and 8.J. Fenves, 4/9/91,
(PB91-210930/AS).

"Nonlinear Analysis of Steel Frames with Semi-Rigid Connections Using the Capacity Spectrum Method',"
by G.G. Deierlein, §-H. Hsieh, Y-J. Shen and L.F. Abel, 7/2/91, (PB92-113828/AS).

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/30/91, (PB91-212142/AS).

"Phase Wave Velocities and Displacement Phase Differences in a Harmonically Oscillating Pile,” by N.
Makris and G. Gazetas, 7/8/91, (PB92-108356/AS).

"Dynamic Characteristics of a Full-Size Five-Story Steel Structure and a 2/5 Scale Model,” by K.C. Chang,
G.C. Yao, G.C. Lee, D.8S. Hao and Y.C. Yeh," 7/2/91.

"Seismic Response of a 2/5 Scale Steel Structure with Added Viscoelastic Dampers," by K.C. Chang, T.T.
Soong, §-T. Oh and M.L. Lai, 5/17/91 {(PB92-110816/AS).

"Barthquake Response of Retaining Walls; Fult-Scale Testing and Computational Modeling," by S. Alampalli
and A-W.M. Elgamal, 6/20/91, to be published.

"3D-BASIS-M: Noniinear Dynamic Analysis of Multiple Building Base Isolated Structures,” by P.C. Tsopelas,
S. Nagarajaiah, M.C. Constantinou and A.M. Reinhomn, 5/28/91, (PB92-113885/AS).
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"Evaluation of SEAOC Design Requirements for Sliding Isolated Structures,” by D. Theodossiou and M.C.
Constantinou, 6/10/91, (PB92-114602/AS).

"Closed-Loop Modal Testing of a 27-Story Reinforced Concrete Flat Plate-Core Building," by H.R.
Somaprasad, T. Toksoy, H. Yoshiyuki and A.E. Aktan, 7/15/91, (PB92-129980/AS).

"Shake Table Test of a 1/6 Scale Two-Story Lightly Reinforced Concrete Building,” by A.G. El-Attar, R.N.
White and P. Gergely, 2/28/91. ‘

"Shake Table Test of a 1/8 Scale Three-Story Lightly Reinforced Concrete Building," by A.G. El-Attar, R.N.
White and P. Gergely, 2/28/91.

"Transfer Functions for Rigid Rectangular Foundations," by A.S. Veletsos, AM. Prasad and W.H. Wu,
7/31/91, to be published.

"Hybrid Control of Seismic-Excited Nonlinear and Inelastic Structural Systems," by J.N. Yang, Z. Li and A,
Danielians, 8/1/91.

"The NCEER-91 Earthquake Catalog: Improved Intensity-Based Magnitudes and Recurrence Relations for
U.S. Earthquakes East of New Madrid,” by L. Seeber and J.G. Armbruster, 8/28/91, (PB92-176742/AS).

"Proceedings from the Implementation of Earthquake Planning and Education in Schools: The Need for
Change - The Roles of the Changemakers,” by K.E.K. Ross and F. Winslow, 7/23/91, (PB92-129998/A8S).

"A Study of Reliability-Based Criteria for Seismic Design of Reinforced Concrete Frame Buildings," by
H.HM. Hwang and H-M. Hsu, 8/10/91.

"Experimental Verification of a Number of Structural System Identification Algorithms," by R.G. Ghanem,
H. Gavin and M. Shinozuka, 9/18/91, (PB92-176577/AS).

"Probabilistic Evaluation of Liquefaction Potential," by HH.M. Hwang and C.S. Lee," 11/25/91.

"Instantaneous Optimal Control for Linear, Nonlinear and Hysteretic Structures - Stable Controllers,” by J.N.
Yang and Z. Li, 11/15/91, (PB92-163807/AS).

"Experimental and Theoretical Study of a Sliding Isolation System for Bridges," by M.C. Constantinou, A.
Kartoum, A.M. Reinhorn and P. Bradford, 11/15/91, (PB92-176973/AS).
"Case Stuches of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 1: Japanese Case

Studies,” Edited by M. Hamada and T. O’Rourke, 2/17/92, (PB92-197243/AS).

"Case Studies of Liguefaction and Lifeline Performance During Past Earthquakes, Volume 2: United. States
Case Studies,” Edited by T. Q'Rourke and M. Hamada, 2/17/92, (PB92-197250/AS).

"Issues in Earthquake Education," Edited by K. Ross, 2/3/92.

"Proceedings from the First U.S. - Japan Workshop on Earthquake Protective Systems for Bridges," 2/4/92,
to be published.

"Seismic Ground Motion from a Haskell-Type Source in a Multiple-Layered Half-Space,” A.P. Theoharis,
G. Deodatis and M. Shinozuka, 1/2/92, to be published. :

"Proceedings from the Site Effects Workshep,” Edited by R. Whitman, 2/29/92, (PB92-197201/AS).
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"Engineering Evaluation of Permanent Ground Deformations Due to Seismically-Induced Liquefaction,” by
M H. Baziar, R. Dobry and A-W.M. Elgamal, 3/24/92.

"A Procedure for the Seismic Evalvation of Buildings in the Central and Eastern United States," by C.D.
Poland and 1.O. Malley, 4/2/92.

"Experimental and Analytical Study of a Hybrid Isolation System Using Friction Controllable Sliding
Bearings," by Q. Feng, S. Fujii and M. Shinozuka, 2/15/92, to be published.

"Seismic Resistance of Slab-Column Connections in Bxisting Non-Ductile Flat-Plate Buildings,” by A.L
Durrani and Y. Du, 5/18/92.

"The Hysteretic and Dynamic Behavior of Brick Masonry Walls Upgraded by Ferrocement Coatings Under
Cyclic Loading and Strong Simulated Ground Motion,” by H. Lee and S.P. Prawel, 5/11/92, to be published.

"Study of Wire Rope Systems for Seismic Protection of Equipment in Buildings,” by G.F. Demetriades, M.C.
Constantinou and A.M. Reinhorn, 5/20/92.

"Shape Memory Structural Dampers: Material Properties, Design and Seismic Testing,” by P.R. Witting and
F.A. Cozzarelli, 5/26/92.

"Longitudinal Permanent Ground Deformation Effects on Buried Continuous Pipelines,” by M.J. O’Rourke,
and C. Nordberg, 6/15/92.

"A Simulation Method for Stationary Gaussian Random Functions Based on the Sampling Theorem," by M.
Grigoriu and S. Balopoulou, 6/11/92.
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