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Abstract. The first-passage time of Duffing oscillator under combined harmonic and white-noise excitations is
studied. The equation of motion of the system is first reduced to a set of averaged It6 stochastic differential equa-
tions by using the stochastic averaging method. Then, a backward Kolmogorov equation governing the conditional
reliability function and a set of generalized Pontryagin equations governing the conditional moments of first-
passage time are established. Finally, the conditional reliability function, and the conditional probability density
and moments of first-passage time are obtained by solving the backward Kolmogorov equation and generalized
Pontryagin equations with suitable initial and boundary conditions. Numerical results for two resonant cases with
several sets of parameter values are obtained and the analytical results are verified by using those from digital
simulation.

Keywords: Duffing oscillator, combined harmonic and white noise excitations, stochastic averaging, first-passage
time, reliability.

1. Introduction

The first-passage time is related to the state transition of multi-steady-state physical systems
and to the reliability of structural systems under random excitation. Thus, it is significant to
evaluate the probability and/or statistics of the first-passage time. On the other hand, the first-
passage time is among the most difficult problems in the theory of stochastic dynamics. At
present, a mathematical exact solution is possible only if the random phenomenon in question
can be treated as a diffusive process. Still, known solutions are limited to one-dimensional
case [1, 2]. A powerful way to study the first passage time of higher dimensional systems
is the combination of the stochastic averaging method and diffusion process method of first-
passage time. This combination approach has been successfully applied by many researchers
[3-15].

Physical and engineering systems are often subjected to combined harmonic and random
excitations. Linear and quasi-linear systems under combined harmonic and white-noise or
wide-band random excitations have been studied by using the classical stochastic averaging
method for obtaining the conditions of moment stability [16—19] or for obtaining the response
probability density [20, 21]. Recently, a stochastic averaging method using generalized har-
monic functions has been developed for studying the response of strongly nonlinear oscillators
under combined harmonic and white-noise excitations [22].

In the present paper, the later version of the stochastic averaging method and the diffusion
process method of first-passage time are applied to study the first-passage time of Duffing
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oscillator under combined harmonic and white-noise excitations. The effects of damping,
white noise intensity and detuning parameter on the probability and statistics of first passage
time are examined. The analytical results are compared with those from digital simulation.

2. Averaged It6 Equations

Consider a Duffing oscillator subject to external harmonic excitation and external and para-
metric white- noise excitations. The equation of motion of the system is of the form

X +o*X +aX? = —BX + EcosQt + & (1) + X& (1), (1)

where o, a, B, E and Q2 are positive constants denoting the natural frequency of degenerate
linear oscillator, intensity of nonlinearity, damping coefficient, amplitude and frequency of
harmonic excitation, respectively; & (¢) (k = 1, 2) are independent Gaussian white noises in
the sense of Stratonovich with intensities 2Dy. 8, E and D, are assumed of the same small
order. The conservative Duffing oscillator (without damping and excitations) has a family of
periodic solutions in whole phase plane (x, x) surrounding (0, 0) with instantaneous period

v (@, 0) = [@* +3aa’/4) (1 + 1 cos 20)] 7 = 3" Cay(@) cos 2ng,

n=0
1 21
Cy(a) = — / v~l(a, ) cos 2ng dp,
27
0
A = aa’/Hw? + 3aa®/4). 2)

The averaged It6 equations for system (1) can be obtained by using the procedure developed
in [22]. Two cases are considered in the following:
Case 1: Primary external resonance. In this case,

Q/w(a) =1+o, 3)

where w(a) = 1/Cy(a) is averaged frequency of conserved Duffing oscillator and o is a
small parameter denoting detuning. By using the generalized Van der Pol transformations,
Equation (3) is converted into

dA
i Fi(A, @, Q1) + hii (A, D)§(7) + hia(A, P)E(1),
de
i Fy(A, @, Q1) + hai (A, D& (1) + hna(A, P)E(1), 4)
where

A ) .

F = —m[ﬂAv(A, ®)sin ® + E cos Qt|v(A, @) sin P,
8

1

F, = ——[BAv(A, ®)sin ® + E cos Qt]v(A, ©)cos P,

g(A)
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2

A
hy = — A, ®)sin®, hp=— A, @) sin ® cos D,
11 g(A)U( ) sin 12 g(A)U( ) sin ® cos
1
hy = — A, ® &, hy=-— A, ®)cos® ©. 5
21 g(A)v( ) cos 2 g(A)V( ) cos 5

Equation (4) can be modeled as the following It6 stochastic differential equations by adding
Wong-Zakai correction terms:

dA = m(A, &, Qt)d + o01,(A, P)dB, (1),

dO® = my(A, @, Q1) d + 0o, (A, @) dB, (1), r=1,2. ©
where
ahl’k ahik
i = Fi+ Dy | hyy—— + hoypy— |,
m +k<lk3A+2k8CI>)
bij = 00 = 2thikhjk, i, ],k =1, 2. (7)

Introducing new variable

N=01—-0, (8)
Equation (6) is transformed into

dA = m(A, &, ¥ 4+ T')dt + 0y,(A, P)dB, (1),

dI' = [-m2(A, O,V + 1) + (2/w(A) — DV(A, ®)]dt — 02, (A, P)dB,(¢). ©)]
Averaging the drift and diffusion coefficients in It equation (9) with respect to ® leads to

dA = m (A, T)dt +61,(A)dB, (1),

dl' = (A, T)dt + 65,(A)dB, (1), r=1,2, (10)
where
mi(A,T) = —BA(w*+ 50¢A?/8)/2(w* + aA®) + EsinT
_ 1 _ _
X <v(A, ®) sin @ sin <CI>+QZ—C,,(A) sinnCI>>> /(w2_|_oeA2)
n
n=1 ®

—aD;AQGw? +30A?)2) /4(w* + aA?)?
+ Dy (0* + TaA?/8) /2A(0* + a A?)?

+ Dy’ A(w* + ouﬁiz/2)/8(a)2 + aA?)?
+ Dy A(w* + TaA?/8) /4(w* + 0 A?)?,

m,(A,T) = EcosT

X <v(fi, @) cos  cos <q> + Q Z lCn(A) sinnCI>>> /A(a)2 +aA?)
n
®

n=1

+[QCp(A) — 11(v(A, D))o,
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bii(A) =

byn(A) =

61r61r

D (0”4 5aA%/8) ) (w* + a A®)? + DA% (0 + 30 A% /4) /4(w° + a A?)?,

62r62r
Dy (w? + TaA?/8)/ A% (w* + a A%)?
+2D,(3w*/8 4+ 11aA?/32) /(w* + a A%)?,

b12(A) = by (A) = 51,65, = 0.

Case 2: Primary parametric resonance. In this case,

Q/w(a) =2+o.

Introduce new variable

=01 —206.

A similar derivation leads to the following averaged Itd equations:

dA = m (A, T)dt + 6,,(A)dB, ¢,

dl' = my(A,T)dr +65,(A)dB,t, r=1,2,

= —BA(®* + 50A?/8)/2(w* + aA®) + EsinT

X <u(A, @) sin ® sin <2<1> +Q Z lCn(A) sinnd>>> /(a)2 + aA?)
n
[}

n=1
—aD;AQGBw? +30A?)2) /4(w* + aA?)?
+ Dy (0* + TaA?/8) /2A(0* + a A?)?
+ Dy’ A(w* + (J{z¢§2/2)/8(a)2 + aA?)?
+ Dy A(w* + TaA?/8) /4(w* + 0 A?)?,

my(A,T) = 2EcosT

bi1(A) =

" — 1 T o 1002 12
x (v(A, ®)cos D cos 2<I>+QZ—C,1(A)smn¢' A(w” + axA”)
n
®

n=1

+[QCo(A) = 21(v(A, D))o,

01017

Dy (w? + 5aA%/8)/(w? + aA®)? + DA% (w* 4 3aA?/4) /4(0° + a A?)?,

(11)

(12)

(13)

(14)
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Figure 1. Safety domain.

by (A) = G265
= 4D (w* + Ta A?/8)/ A*(w* + a A?)?
+8D,(3w? /8 4+ 11 A?/32) /(w? + a A%)?,
bi2(A) = by (A) = 61,6, = 0. (15)

3. Backward Kolmogorov Equation and Generalized Pontryagin Equations

A(t) is the displacement amplitude of system (1). It is reasonable to assume that the first-
passage failure occurs once A(t) exceed certain critical value A, for the first time. In phase
plane (a, y), the safe domain €2; is inside of the two parallel lines a = 0 and a = a. (Figure 1).
The conditional reliability function, denoted by R(# | ag, yo), is defined as the probability of
(A(t), I'(¢)) being in safety domain €2, within interval (0, #] given initial state (ao, yp) being
in 4, i.e.,

R(t | ag, o) = P{(A(2), T(v)) € Q;, T € (0,1] | (a0, y0) € s} (16)

It is the integral of the conditional transition probability density in €2;. The conditional trans-
ition probability density is the transition probability density of the sample functions which
remain in safety domain €2, in all time interval (0, ¢]. For diffusion process [A,T]7, the
conditional transition probability density is governed by the backward Kolmogorov equation
with drift and diffusion coefficients defined by Equation (11) for Case 1 or Equation (15)
for Case 2. Thus, the conditional reliability function is governed by the following backward
Kolmogorov equation:

oR R N R ﬂ 2R +ﬁ 9’R N 1ﬁ 9’R an
— =0 — t —Byy——,
o1 1aa0 28)/0 Haa - I, da0dve 2 223)/02
where
o = a;ao, vo) = m; (A, 1:)|A:a0’1::y0 :
Bij = Bij(ao) = i (A)a; (A)];_, - (18)

The initial condition associated with Equation (17) is

RO |ap,y0) =1, ap<ac (19)
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and the boundary conditions are

R(1 10, ) = finite, (20)
R(t | ac, v) =0, (2D
R(t | ag, yo +2nm) = R(t | ao, o). (22)

The conditional probability of first-passage failure is

Ps(t | ag, yo) = 1 — R(t | ao, v0)- (23)

The conditional probability density of the first-passage time 7' is then the derivative of
Pt(t | do, )/0)9 i-e-9

p(T | ao, yo) = aa% T Z—I: L (24)
The conditional moments of the first passage time are defined as
o0 oo
Un(ao, Yo) = / T"p(T | ag, yo)dT = n/T"_lR(T | ap, y0)dT, n=12,.... (25
0 0

It can be shown by using Equations (17), (24) and (25) that the conditional moments of the
first-passage time are governed by the following generalized Pontryagin equations:

9? Mn 3% 1ty Mn 0 fun 0y
512 —ﬂzz + o +a =—np,—1, n=12,..., (26)
0 day aVO

ﬂu

where «; and B;; are defined by Equation (18). The boundary conditions associated with
Equation (26) are obtained from Equations (20-22) as

(0, yo) = finite, 27

Mn (ac, VO) =0, (28)

Mn (ao, Yo + 2nm) = Mn (ao, VO) (29)
For n = 1, u, is the mean first-passage time and Equation (26) is reduced to Pontryagin
equation

lﬂ i L g 9%y n lﬂ 9%y n I n I ! (30)

—Po—F +toj— +op— = —1.
27 9a2 T a0y T 2" 0y T e | o

To obtain the probability and statistics of the first-passage time, one has to solve backward
Kolmogorov equation (17) with initial and boundary conditions (19-22), or to solve gener-
alized Pontryagin equations (26) with boundary conditions (27-29). Generally, they can be
solved only numerically, e.g., by using finite difference method.

Note that boundary condition (20) or (27) is qualitative and has to be made to be quantit-
ative for solving Equation (17) or (26) numerically. In Case 1,

o, o, By —> 00 as ay — 0. (31)
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Figure 2. Rectangular mesh for finite difference scheme.

To satisfy boundary condition (20), it is necessary that

dR OR 9°R
—,—,—2—>O as ap— 0. (32)
dag dyo Jy;

Similarly, boundary condition (27) should be replaced by

Oty Ot 07 ity

dag” vy’ Ayg

The backward Kolmogorov equation (17) with drift and diffusion coefficients in Equa-
tion (11) and with initial condition (19) and boundary conditions (21), (22) and (32) is solved
by using the implicit finite difference method of alternate direction type. oy and yy are dis-
creted as shown in Figure 2. The time axis perpendicular to plane (g, yp) is also discreted.
Introduce the following notations:

Ri; = RMét | jdao,idyp), (ar)ij = ar(jdao, idy0),  (Brs)ij = Brs(jdao. i8y0).
rs =12 i=12..M j=12..N;, n=0.1,.... (34)

—0 as ayg— 0. (33)

The implicit finite difference approximation to Equation (17) with drift and diffusion coeffi-
cients in Equation (11) from nth time step to (n + (1/2))th time step is

n+(1/2) n n n n+(1/2) n+(1/2)
Ri,j B Ri,j = (a)); _Rz‘,j+1 B Ri,j—l T (@) ; i+1,j Ri—l,j
5t)2 b 28ay b 280
+ l(ﬂ )i ‘RZHI - 2R;1,j + RZ]'—I
2 P (8ap)>

n+(1/2) n+(1/2) n+(1/2)
Ri-i—l,j - 2Ri,j +Ri—1,j (35)
(80)? .

1
+ 2 (B22)i,j
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Figure 3. Reliability function of system (1) in primary external resonance. w = 1.0, 2 = 1.0, « = 0.6, E = 0.01,
Dy = 0.04, ag = 0.24, y9 = 0.1257. (A) D1 = 0.03, B = 0.01; (B) D1 = 0.02, 8 = 0.01; (C) D1 = 0.02,
B = 0.05; — analytical result; ® A B result from digital simulation.
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Figure 4. Probability density of first-passage time of system (1) in primary external resonance. The parameters
are the same as those in Figure 3; — analytical result; ® A M result from digital simulation.

The associated boundary conditions are approximated as

Rn+(1/2) -0

e ’ Rn+(1/2) _ Rn+(1/2) Rn—&f(l/Z) _ Rn+(1/2)

o = R — prut/2) (36

il ’ 0,j =Ry o 1,j = 8pq1,j
The implicit finite difference approximation to Equation (17) with drift and diffusion coeffi-
cients in Equation (11) from (n + (1/2))th time step to (n + 1)th time step is

R?-}—l i Rn+(l/2) R n+1 n+(1/2) Rn+(1/2)

i,j i,j+1 7 -1 i+1,j i—1,j
= (@), j = + (@),
5t/2 T (@2 28v0
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Figure 5. Mean first-passage time of system (1) in primary external resonance. = 1.2, Q = 1.2, « = 0.7,
E = 0.01, Dy = 0.04, yo = 2.514. (A) D; = 0.05, B = 0.05; (B) D; = 0.05, B = 0.01; (C) D1 = 0.08,
B = 0.01; — analytical result; ® A B result from digital simulation.
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Figure 6. Reliability function of system (1) in primary external resonance €2 = 1.2 and the other parameters are
the same as those in Figure 3; — analytical result; ® A B result from digital simulation.

1 Rznﬁl - ZR?,/H + Rzn/+—11
+ E(ﬂll)i,j 5a0)?

n+(1/2) n+(1/2) | pn+(1/2)
R —2R! TP 4 R

i+1,]
(80)?

1
+ E(ﬂzz)i,j G37)
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Figure 7. Probability density of first-passage time of system (1) in primary external resonance. The parameters
are the same as those in Figure 6; — analytical result; ® A B result from digital simulation.

The associated boundary conditions are approximated as

R =0, R =RITLORY =R ORI =Ry (3%)
Equations (35) and (37) are of tri-diagonal form and they together with boundary conditions
(36), (38) and initial condition Rg i = 1 can be solved efficiently by using the modified
standard Thomas algorithm.

Let Mll ;=M (jéao, i6yp). The finite difference approximation to Equation (30) with drift
and diffusion coefficients in Equation (11) is

1 1 1 1
Hijv1 — My j—1 Mivr,j — Hio1j
( l)l,] 2800 ( 2)1,J 28]/0
1 1 1 1 1 1
1 Mijpn =20 5+ By 1 Pigij = 20 + iy
+ = i ’ — 4+ = L j - : = =-1. (39
2(/311)1,] (8(10)2 2(:822)1,J (8)/0)2 ( )
The associated boundary conditions are approximated as
1 1 1 1 1 1 1
Min = 0, Mio = Hi1s  Hoj = HMHpy s M1 j = Hpyrgr,j- (40)

Equation (39) and conditions (40) can be solved by using successive over-relaxation method.

Case 2 can be treated similarly. The only difference is that the drift and diffusion coeffi-
cients in Equation (15) rather than those in Equation (11) are used.

Some numerical results for the conditional reliability function, the conditional probability
density and mean of the first-passage time for system (1) for both primary external resonance
and primary parametric resonance are obtained and shown in Figures 3—14 with solid lines. To
assess the validity and accuracy of the proposed procedure, corresponding results are obtained
from digital simulation and shown in Figures 3—14 using symbols A, e, W. It is seen that
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25

Figure 8. Mean first-passage time of system (1) in primary external resonance 2 = 1.4 and the other parameters
are the same as those in Figure 5.
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Figure 9. Reliability function of system (1) in primary parametric resonance. ® = 1.0, Q = 2.0, « = 0.6,
E = 0.01, D, = 0.04, a9 = 0.24, y9 = 1.257. (A) D1 = 0.03, 8 = 0.01; (B) D; = 0.02, 8 = 0.01;
(C) Dy =0.02, B = 0.05; — analytical result; ® A B result from digital simulation.



302 W. Q. Zhuand Y. J. Wu

0.05

0.045
0.04
0.035
0.03
p(T)0.025
0.02
0.015
0.01
0.005

0

40

Figure 10. Probability density of first-passage time of system (1) in primary parametric resonance. The parameters
are the same as those of Figure 9; — analytical result; ® A B result from digital simulation.
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Figure 11. Mean first-passage time of system (1) in primary parametric resonance. ® = 1.0, Q2 = 2.0, @ = 0.6,
E = 0.01, Dy = 0.04, y9 = 3.771. (A) D1 = 0.08, B = 0.01; (B) D; = 0.05, B = 0.01; (C) D1 = 0.05,
B = 0.07; — analytical result; ® A B result from digital simulation.

the analytical results agree well with simulation results and they are slightly conservative
compared with simulation results. Figures 3, 6, 9, 12 show that the reliability function is a
monotonously decreasing function of time while Figures 5, 8, 11, 14 show that the mean first-
passage time is a monotonously decreasing function of initial amplitude. This observation is
significant in the studying stochastic optimal control of the system with objectives of max-
imum reliability and maximum mean first passage time. It is also seen from Figures 3-14



0.9
0.8
0.7
0.6
R(t) 0.5
0.4
0.3
0.2
0.1

First-Passage Time of Duffing Oscillator 303
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Figure 12. Reliability function of system (1) in primary parametric resonance 2 = 2.2 and the other parameters
are the same as those in Figure 9; — analytical result; ® A B result from digital simulation.
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Figure 13. Probability density of first-passage time of system (1) in primary parametric resonance. The parameters
are the same as those in Figure 12; — analytical result; ® A B result from digital simulation.
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Figure 14. Mean first-passage time of system (1) in primary parametric resonance. 2 = 2.2 and the other
parameters are the same as those in Figure 11; — analytical result; ® A B result from digital simulation.

that all the results depend strongly on the excitation intensity and damping while from the
comparisons between Figures 3 and 6, 4 and 7, 5 and 8, 9 and 12, 10 and 13, 11 and 14 that
all the results are not very sensitive to the change in detuning parameter.

4. Conclusions

In the present paper the first-passage time of Duffing oscillator under combined harmonic and
white noise excitations has been investigated. The stochastic averaging method for strongly
nonlinear oscillators under combined harmonic and white-noise excitations has been applied
to reduce the equation of motion of the system to the averaged Itd equations for homogenous
diffusion processes A(t) and T'(¢). The backward Kolmogorov equation for the conditional
reliability function and the generalized Pontryagin equations for moments of first-passage
time have been established from the averaged It equations. These equations have been solved
numerically by using finite difference method and numerical results have been obtained for
primary external and parametric resonance cases. Analytical results have been verified by
using the results obtained from digital simulation. The results show that reliability function is
a monotonously decreasing function of time and mean first-passage time is a monotonously
decreasing function of initial amplitude. All the results depend strongly on the magnitudes of
excitation intensity and damping while they are not very sensitive to the change in detuning
parameter.



First-Passage Time of Duffing Oscillator 305

Acknowledgements

The work presented in this paper was supported by the National Nature Science Foundation
of China under Grant No. 19972059 and Special Fund for Doctor Programs in Institutions of
Higher Learning of China under Grant No. 20020335092.

References

1. Bharucha-Reid, A. T., Elements of Markov Processes and Their Applications, McGraw-Hill, New York,
1960.

2. Cox, D.R. and Miller, H. D., The Theory of Stochastic Processes, Chapman and Hall, New York, 1965.

3. Ariaratnam, S. T. and Pi, H. N., ‘On the first-passage time for envelope crossing for a linear oscillator’,
International Journal of Control 18, 1973, 89-96.

4. Lennox, W. C. and Fraser, D. A., ‘On the first passage distribution for the envelope of a non-stationary
narrow-band stochastic process’, ASME, Journal of Applied Mechanics 41, 1974, 793-797.

5. Ariaratnam, S. T. and Tam, D. S. F., ‘Random vibration and stability of a linear parametrically excited
oscillator’, Zeitschrift fiir angewandte Mathematik und Mechanik 59, 1979, 79-84.

6. Spanos, P. D. and Solomos, G. P., ‘Barrier crossing due to transient excitation’, ASCE, Journal of Engineering
Mechanics Division 110, 1984, 20-36.

7. Roberts, J. B., ‘First passage probability for nonlinear oscillator’, ASCE, Journal of Engineering Mechanics
Division 102, 1976, 851-866.

8. Roberts, J. B., ‘First passage probability for oscillator with nonlinear restoring forces’, Journal of Sound and
Vibration 56, 1978, 71-86.

9. Roberts, J. B., ‘Response of an oscillator with nonlinear damping and a softening spring to non-white random
excitation’, Probabilistic Engineering Mechanics 1, 1986, 40-48.

10. Roberts, J. B., ‘First passage time for randomly excited nonlinear oscillator’, Journal of Sound and Vibration
109, 1986, 33-50.

11.  Spanos, P. D., ‘Survival probability of non-linear oscillators subjected to broad-band random disturbance’,
International Journal of Non-Linear Mechanics 17, 1982, 303-317.

12. Zhu, W. Q. and Lei, Y., ‘First passage time for state transition of randomly excited systems’, in Proceedings
of the 47th Session of International Statistical Institute, Vol. LIII (Invited Papers), Book 3, IIS-ISI, Pays-
Bas/The Netherlands, 1989, pp. 517-531.

13. Cai, G. Q. and Lin, Y. K., ‘On statistics of first-passage failure’, ASME, Journal of Applied Mechanics 61,
1994, 93-99.

14. Gan, C. B. and Zhu, W. Q., ‘First-passage failure of quasi-non-integrable-Hamiltonian systems’, Interna-
tional Journal of Non-Linear Mechanics 36, 2001, 209-220.

15. Zhu, W. Q., Deng, M. L., and Huang, Z. L., ‘First-passage failure of quasi integrable Hamiltonian systems’,
ASME, Journal of Applied Mechanics 69, 2002, 274-282.

16. Ariaratnam, S. T. and Tam, D. S. F., ‘Parametric random excitation of a damped Mathien oscillator’,
Zeitschrift fiir angewandte Mathematik und Mechanik 56, 1976, 449—452.

17. Ariaratnam, S. T. and Tam, D. S. F., ‘Moment stability of coupled linear systems under combined harmonic
and stochastic excitation’, in Proceedings of IUTAM, Symposium on Stochastic Problems in Dynamics, B.
R. Clarkson (ed.), Pitman, London, 1977, pp. 90-103.

18. Dimentberg, M. F., Statistical Dynamics of Nonlinear and Time-Varying Systems, Wiley, New York, 1988.

19. Zhu, W. Q. and Huang, T. C., ‘Dynamic instability of liquid free surface in a container with elastic bottom
under combined harmonic and stochastic longitudinal excitation’, Random Vibration, ASME, AMD 65, 1984,
195-220.

20. Cai, G. Q. and Lin, Y. K., ‘Nonlinearly damped systems under simultaneous harmonic and random
excitations’, Nonlinear Dynamics 6, 1994, 163-177.

21. Huang, Z. L. and Zhu, W. Q., ‘Exact stationary solutions of averaged equations of stochastically and har-
monically excited MDOF quasi-linear systems with internal and (or) external resonances’, Journal of Sound
and Vibration 204, 1997, 563-576.

22. Huang, Z. L., Zhu, W. Q., and Suzuki, Y., ‘Stochastic averaging of strongly nonlinear oscillators under

combined harmonic and white-noise excitations’, Journal of Sound and Vibration 238, 2000, 233-256.



