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Abstract

This thesis investigates the almost-sure stability of the single mode solution of a two
degree-of-freedom, noisy, nonlinear autoparametric system. While only the first mode
is forced in such a system, the nonlinear coupling often transfers energy to the second
mode. Equations of motion of autoparametric systems model the dynamics of a number
of structural and mechanical systems, such as, a randomly excited and initially deformed
shallow arch, a suspended elastic cable driven by planar excitation, or a vessel subject to
longitudinal wave action. To keep things as simple as possible, we consider a very simple
system, namely, a type of autoparametric vibration absorber with randomly excited base
- a pendulum attached to a mass-spring oscillator.

Under the assumption of small random perturbations and small damping, the maximal
Lyapunov exponent which determines the almost-sure stability of the single mode solution
is calculated. Putting the maximal Lyapunov exponent to zero provides the second-order
approximation of the almost-sure stability boundary in terms of the excitation intensity
and the dissipation coefficients. A plot of this stability boundary reveals several trends of
practical importance to engineering applications.
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Chapter 1

Introduction

1.1 Introduction to the Problem

Systems in which the variables of interest, referred to as state variables, evolve with time
according to a governing rule are called dynamical systems. These systems are vastly
studied as they occur in a wide variety of scientific, engineering and mathematical fields,
and even in other technical fields such as economics and finance. Typical examples of state
variables across these fields include the concentration of a chemical in a solution during
a reaction, the population of a species in a given geographical region, the motion of a
physical structure (e.g., a building) under the action of an external driving force (e.g., an
earthquake), or the price of a company’s stocks.

Mathematically, the rules that determine how the state variables of dynamical systems
evolve with time are typically modelled as initial value problems (IVPs) of the form

i(t) = f(z(t),t), t=>0, 2(0) = 29 € R, (1.1)

where f : R" x R — R™ and z(t) is the state variable. In this thesis, we concern our-
selves with a mechanical dynamical system modelled by a pair of second order differential
equations of the form

G )+ Ga(t) + fi (C]1(75)7 Q2(t)) = /(1)
G2 (t) 4+ C2Ga(t) + fo (Ch(t), Q2(t)) =0, t>0.

Here, ¢1(t) and ¢2(t) are the modes of the mechanical system and are equivalently known
as the generalized coordinates. It is worth noting that the system of two second order

(1.2)
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differential equations (1.2) is equivalent to four first order differential equations of the
form (1.1). That is, by an appropriate change of variables, (1.2) can be written in the
form of (1.1) with n = 4. Since f; and f; are each functions of both ¢; and ¢o, ¢; acts
as a parameter in the dynamics of ¢» and vice versa. This effect is known as coupling
and systems whose dynamics are modelled by equations such as (1.2) are typically called
autoparametric systems. This type of system often occurs in many branches of physics
and engineering where the constants (; and (, represent damping coefficients and [(t) is
an excitation or forcing given to the system, in particular, to the first mode ¢;. We are
interested in the situation where f; and f, are nonlinear functions, so there is therefore
nonlinear coupling in the system which can lead to a transfer of energy from the forced
mode ¢; to the unforced mode ¢o. In particular, these functions are typically of the form
fila1, ¢2) = w?q; + 9i(q1, q2), where w; and wy are parameters that represent the natural
frequencies of ¢; and ¢o respectively. As will be explained in more detail shortly, it is
the resonant and commensurable relationships between these natural frequencies that is
the primary cause of the transfer of energy. We are then interested in analyzing how this
energy transfer affects the stability of the system. The techniques used in performing this
analysis depend greatly upon the nature of the excitation 3(t).

There have been several studies on periodically excited autoparametric systems; for
example, see [5, 10, 11, 26, 36, 39]. The manner in which the excitation is applied deter-
mines the resonant frequency and hence the mode in resonance. If the mechanical system
is directly excited (i.e., external excitation), then a mode whose natural frequency is close
to the frequency of the excitation, is in resonance. On the other hand, if the effect of
excitation is through modulating a parameter in the system (i.e., parametric excitation),
then a mode is said to be in resonance if the excitation frequency is close to twice the
natural frequency of the mode. In the case of parametric excitation of finite degree-of-
freedom systems, a combination resonance can also occur when the excitation frequency
is close to some linear combination of the natural frequencies of multiple modes. Thus, in
contrast with the case of external excitation for which a small excitation produces a large
response only when the excitation frequency is close to a linear natural frequency, a small
parametric excitation can produce a large response when the frequency of the excitation is
close to twice the natural frequency of any mode or some linear combination of the natural
frequencies of the system.

The two degree-of-freedom nonlinear system (1.2) exhibits another interesting phe-
nomenon under periodic excitation called internal resonance. In such a system, the internal
resonance phenomenon occurs when two or more of the natural frequencies are commen-
surable or nearly commensurable. Depending on the order of the nonlinearity present in
the system, the commensurable relationships of the linear natural frequencies can result



in strong coupling of the corresponding modes. For a system with quadratic nonlineari-
ties, such as the one studied in this thesis, strong coupling between the modes may exist
when the natural frequencies of the forced and unforced mode are in one-to-two internal
resonance leading to the most fascinating situations. When the amplitude of the periodic
excitation is increased, thereby increasing the energy in the forced mode, it reaches a cer-
tain value at which saturation occurs and the energy is transferred to the unforced mode.
This causes the parametric excitation of the unforced mode which may or may not be
desirable depending on the particular system being modelled by (1.2), and has an effect
on the stability of the system.

In this thesis, we concern ourselves with the scenario where the system is given a
noisy (non-deterministic) excitation. In other words, we are interested in investigating the
random vibrations of a nonlinear, stochastically forced system, where the forcing 3(t) is
a stationary random process. In particular, we would like to find out the value of the
intensity of the noisy input at which energy saturation could potentially occur, affecting
the stability of the system. Stability of a random dynamical system can be defined in
different ways, one of the strongest of which is that of almost-sure stability. Although
several papers [1, 23, 30, 31| have dealt with some aspects of these questions, none have
given completely satisfactory answers. This is primarily due to the interactions between
the excitation noise and the nonlinearities, and the manner in which the subsystem is
parametrically excited by the original excitation noise as well as the stationary motion
of the primary system. Sufficient almost-sure stability conditions were derived in [1] for
the stability of the rest mode of a vibration-isolating suspension subjected to a broadband
random base excitation. Onu et al. [31] applied a nonstandard method of stochastic
averaging to reduce the dimension of a randomly-perturbed nonlinear vibration absorber,
and numerically solved for the stationary probability distribution functions for the reduced
Markov process. We would like to derive an analytical expression that states the condition
on the intensity of the noisy input for the random dynamical system (1.2) to be almost-
surely stable.



1.2 Outline of the Thesis

The following presents the outline for the remainder of the thesis. In Chapter 2, a model
of the system of interest in this thesis is introduced and the equations of the form of (1.2)
that govern the dynamics of this system are derived. A brief exposition into the results
for periodic excitation is then presented. An introduction to the mathematical tools and
techniques fundamental to the analysis of the dynamics and stability of linear stochastic
systems is presented in Chapter 3. These concepts are essential in the study of the response
and stability of dynamical systems subject to random excitations. They are then applied,
in Chapter 4, to the model presented in Chapter 2 to analytically derive the condition for
the almost-sure stability of the single mode solution of the stochastic system. Further, in
Chapter 4, a perturbative technique based on [4, 24, 33] is utilized, which involves solving
a series of partial differential equations to obtain successive terms in the expansion for the
top Lyapunov exponent - a quantity that determines the almost-sure stability of stochastic
systems. Chapter 5 closes the thesis by presenting relevant conclusions.



Chapter 2

Model of the Autoparametric
Vibration Absorber

This chapter introduces the model being studied in this thesis and presents a derivation of
the equations of motion that govern the dynamics of the system. Equations of motion of
autoparametric systems model the dynamics of several mechanical and structural systems.
In this thesis, the model, presented in Figure 2.1, is that of a simple autoparametric
vibration absorber, just as in [10]. It consists of an oscillator of mass m, vertically attached
to a fixed horizontal surface by a spring with stiffness k£ and a damper with damping
coefficient ¢,. Attached to the oscillator is a pendulum with a massless rod of length [ and
a bob of mass m,, that makes an angle ¢ with the vertical and has some torsional damping
¢p present in the joint where the pendulum is attached to the oscillator. The oscillator is
given a random excitation in the form of a Gaussian white noise process Z(¢). The response
of the oscillator, represented by y(t) - its displacement from its equilibrium position, will
therefore be random and so will that of the pendulum ¢(¢).

The oscillator can be thought of as representing a car moving on a road with a white
noise profile. As the nonlinear coupling within the system results in autoparametric ex-
citation of the pendulum, it acts as a vibration absorber that reduces the impact of the
oscillations felt by the people in the car. In other words, the mass-spring oscillator repre-
sents the primary system being subjected to a random external excitation in the form of a
Gaussian white noise process, and the pendulum is the parametrically excited absorber of
vibrations from the primary system.



[
y(t)

Figure 2.1: The autoparametric vibration absorber model

2.1 Derivation of Equations of Motion

While one could possibly use the Newtonian approach to derive the equations of motion for
the system in Figure 2.1, the Lagrangian approach employed here is the go-to method for
dealing with more complex systems, particularly those involving pendulums. This approach
requires that we find a quantity creatively known as the Lagrangian £ and use the Euler-
Lagrange equation to evaluate the equations of motion of the system. The Euler-Lagrange
equation is given by

d (ac) oL, o)

dt\og; ) dq
where L=T -V
T Total kinetic energy in the system
V. Total potential energy in the system
¢;: Generalized coordinates

A;: Non-conservative forces in the generalized coordinates.



The total kinetic energy in the system is

1 . 1

The velocity of the bob v, expressed in terms of its vertical and horizontal components, is
vﬁ = (y— I sin ?)* + (l(bcos $)?
= ? — 2ydsin ¢ + 2¢°.

The total kinetic energy then becomes

1 1 . .
TE:iﬁn@+w%w2+5W@F¢2—7mJy¢$n¢.

The total potential energy in the system is
1
V =my,gl(1 —cos¢)+ §k:y2.

Note that y represents the displacement of the system from the equilibrium position after
the static deflection of the spring has been accounted for. The Lagrangian then becomes

L=T-V
1 o 19 L, o
= §(mo+mp)y +§mpl ¢° — myly psind — my, gl(1 — cos @) —Eky . (2.2)

The Euler-Lagrange equation (2.1) can now be used to obtain the system equations of
motion by considering each generalized coordinate. Let ¢; = y. Equation (2.1) becomes

d (0L oL
— = —-—=—=A:.
dt \ Oy dy

Let us evaluate each term individually. Considering the non-conservative forces in the
system in the generalized y-coordinate, A; = Z(t) — ¢,y. We have

oL ) o
Egz(mm+MHy—ﬂ%M&n¢
Cd (oL ) - .,
o (83/) = (my +my)J — myl(¢sin ¢ + ¢* cos @)
and
oL



Putting it all together, the equation of motion for the generalized coordinate y, which
governs the motion of the oscillator, is obtained as follows:

(Mg +my)i — myl(¢psind + ¢? cos @) + ky = Z(t) — oy

(Mo +my)ij + coif + ky — myl(dsin ¢ + ¢* cos ¢) = Z(t)|. (2.3)

Similarly, letting g2 = ¢ in (2.1) gives

d (9L oL _
i () 5

We again evaluate each term individually. Considering the non-conservative forces in the

system in the generalized ¢-coordinate, Ay = —c,¢. We have
oL : .
8_¢ = myl*>¢ — m,lysin ¢
% (Z—Z) = mpl% — mpl(yé cos ¢ + §jsin ¢)
and
g—g = —mplyqzlﬁ cos ¢ — mypglsing.

Once again putting it all together, we obtain the equation of motion for the generalized
coordinate ¢, which governs the motion of the pendulum, as follows:

mp1295 — mpl(yé cos ¢ + ysin @) + mply'é cos ¢ + myglsin ¢ = —cpé
mpl2p + ¢y + myl(gsin g — jjsing) = 0. (2.4)

2.2 Nondimensionalization of Equations of Motion

Nondimensionalization is the process of removing physical dimensions from an equation
using fitting variable substitutions. Doing this is good practice as it aids in performing
analyses and generalizing results irrespective of the original physical units in the system. It
also facilitates the comparison of the magnitude of different parameters in the equation and
their subsequent scaling, if necessary, and oftentimes simplifies the equation by reducing
the number of terms in it.



The goal of this section is to nondimensionalize the equations of motion (2.3) and (2.4)
of the system, derived in the previous section. We begin by recognizing that the variables
in the system are y, ¢ and ¢, where only y and ¢ need to be nondimensionalized since ¢ is
already dimensionless. We then define dimensionless parameters

€ e t
©fY and 1%L (2.5)

T ty

where y; and t; are parameters of such dimension that 1 and 7, respectively, are dimen-
sionless. Using these definitions and the chain rule, we obtain dimensionless versions of
the derivatives in the equations of motion as follows:

dy drdy  1d(ysn) _ ysdi

yZJZEE_tS dr :th

d . dr d s di) ysd2
y:_():__ T - T 22

dt dt dr \ t, dr t2dr (2.6)
é_d¢_d7@_ld¢ ’

dt — dtdr  t.dr
oo d dr d (1d¢ d2q§
= w0 = war <t dT) 2dr? "
Substituting these in (2.3) and normalizing the coefficient of the highest derivative to unity,
(mo+mp)y+coy+ ky —my, (¢Sln¢+¢ cos ) = E(1)
s d*i)  coys di

(mo + + +k l 2¢ o+ L d¢ 2 10) =(t)
Mo+ my) s — s myl | = sin cos ==
Pezdr ot dr YsTl = myp 2 dr? t.dr
ols kt? l
N/ + C N + s 77 . mp (gb// Sian) + ¢/2 CoS ¢)
Mme+my " mot+my (Mo +my)Ys
t2
= ——= E(t7).
(mo + mp)ys °
Now, let us introduce more definitions:
e ef Mo k 1
dfl tid:fm, wgd_ef— — t,=—. (27)
k me +my, Wo



Substituting these,

N Co mo+mp N N mpl "o /2
' o e i (¢ sing 6 cos)

1 Mo + My

" (mo + my)l  k =r/fwo)
N Co INETR " E(T/WO)
+ +n— sin ¢ + Ccos _—
7 o) U e + (cb ¢+ ¢ cosp) = o]

At this stage, the equation has been nondlmensionalized, however, introducing further
definitions helps simplify it:
5 def Co def My 20 def Z(T/wo)

A def
QCO = k(mo T mp)a R = ma 5(7—) = kl ’ 0(7) = ¢(T/wo)' (28)

For convenience, t will now be used to represent the dimensionless time parameter 7 and
the dot notation will be employed for the derivatives. The equation of motion for the
oscillator in dimensionless coordinates then becomes

~

B+ 200 + 1) — R<9s1n9+9 cose> ). (2.9)

Following the same procedure for (2.4), we start by replacing the derivatives with their
dimensionless counterparts and normalizing the coefficient of the highest derivative to
unity:

myl2¢ + cpd + myl(gsin ¢ — jjsin ¢) = 0
myl? dng ¢p do : ys d°n)
12 ) + = i dr + myl gsmé——zd— sing | =0

s t2 .
¢"+p—2¢'+—s(gsm¢ y_2 s1n<;5>:O
my | t2

//

R \ /70 gt? 5
0" + Cp/Mo + My 0 + 2= sinf — 7" sinf = 0,
ml2VE

where we have used the following previous definitions that were made:

t, < \/@, ys ¥ and o(r) = O(7/wo)-

10



Introducing more definitions, and remembering that ¢, has also been equivalently defined

of 1
as follows: t; def ~ ,

Wo
2, X GV Mo T P2 and g
P myl2Vk P Wo
P , (2.10)
gt?_wp_Q
l _wg_q’

Once again, t will be used to represent the dimensionless time and the dot notation will be
employed for the derivatives. The equation of motion for the pendulum in dimensionless

coordinates then becomes

6+2C,0+ sind — fysind = 0. (2.11)

In summary, the equations governing the dynamics of the system in dimensionless

coordinates are

~

Y A
ﬁ+2Coﬁ+ﬁ—R<HSin9+0 Cos9> = £(t)

é+2§p§+ <q2—ﬁ> sinf = ,

where
w2d:efg7 wgd:ef k ) d:efﬁ7
p [ Mo + My, W,
R def My é def Co 2 def Cpy/Mo + MYy

me + my ’ ? 2 k(mo + mp) ’ P 2mpl2\/E ’

2 def E(t/wo) ~ def y(t/wo) A def

£(t) = 3 n(t) = — 0(t) = o(t/w,) ,
for all t > 0.
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2.3 Periodic Excitation

For autoparametric systems that are excited periodically, as mentioned in Chapter 1, things
are most interesting when the natural frequencies of the oscillator and the pendulum are
in 2:1 internal resonance (i.e., when ¢ = %) In resonance, the pendulum is principally
excited by the energy from the oscillator. When the external energy given to the oscillator
by the excitation is small enough, its effect on the hanging pendulum is small compared
to the stability of the same. As the external energy increases, a saturation takes place at
a certain threshold, above which the pendulum noticeably moves. This phenomenon can

be demonstrated by performing numerical simulations on the equations of motion (2.9)

and (2.11) of the system, with &(¢) & Acospt. We stay close to the point of resonance
by letting the ratio of the natural frequencies of the oscillator and pendulum be close to
the 2:1 ratio for internal resonance, and the excitation frequency be around the natural

frequency of the oscillator (i.e., ¢ ~ L and p ~ 1). Choosing reasonable values for the

2
other system parameters (see Table 2.1), the amplitude A of the excitation is progressively
increased and the corresponding amplitudes o, and a, of the steady-state response of each

mode 7)(t) and é(t), respectively, are observed and recorded.

From Figure 2.2, it is clear that saturation occurs at the bifurcation point in the graph
at a critical value A, of the excitation amplitude. To the left of the bifurcation point is
the single mode solution of the system, where only the oscillator responds to the external
excitation (a locked-mass system). To the right of the same point is the coupled mode
solution where both the oscillator and pendulum are in motion. In the regime of the
single mode solution, the system is effectively a periodically excited linear mass-spring
oscillator. For this type of system, it is well known [14] that the amplitude of the steady-
state response and that of the periodic excitation have a linear relationship. That is,
a, = vA where v is a constant that depends on the other parameters in the system: éo
and p. This relationship is clearly depicted in the figure as «, increases linearly with A.
Although the numerical simulations did not capture it, in the regime of the coupled mode
solution, the oscillator maintains a constant steady-state response amplitude since it is
now saturated with energy. In the subsequent chapters, we seek to analytically find an
analogue of A, when the excitation é’ (t) is a Gaussian white noise process by analyzing the
stochastic stability of the single mode solution.

12



Parameter | Value Used
G 0.02
¢, 0.05
R 5
q 0.26
7 1.2

Table 2.1: Parameter values based on [10] used for numerical simulation

A. = 0.105
025 | | BREY
o —— Oscillator a
3 3
%“ 02l — Pendulum 11 %“
= =
= 108 £
< 0.15 &
2 2
|
5 01} 3
§ 104 g
= E
'S 0.05) h =
3 0.2 &
L L L l I | O
0O 0.04 0.08 A, 0.12

Excitation amplitude, A

Figure 2.2: Variation of steady-state response amplitudes with excitation amplitude for
periodic excitation
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Chapter 3

Dynamics and Stability of Linear
Stochastic Systems

This chapter is aimed at providing a description of the mathematical concepts that are
fundamental to the analysis of the dynamics and stability of linear stochastic systems.
These are the mathematical tools required for the analysis of the system introduced in the
preceding chapter and shall therefore be greatly employed in the subsequent chapter where
this system shall be investigated. It should be noted that only as much detail as is required
for this investigation is covered. Readers interested in seeing more details or proofs are
referred to introductory texts on the subject matter such as [2, 9, 15, 27, 29, 35].

3.1 Fundamental Concepts

3.1.1 Markov and Diffusion Processes

A stochastic process X (t) is said to be a Markov process if, for time instances t; < ty <
<t

]P{X(tn) < @y | X(tao1) = 2pr, -, X (1) = xl} = P{X(tn) < @ | Xltum) = xn_l(}?; 1)

This property is called the Markov property. It states that the probability that the
process takes a value less than z,, at time t,, depends only on the value of the process at
time t,_q; it is independent of the values at the times t,_o,t,_3,...,t;. In other words, the

14



state of the process at the past times ¢,,_o, t,_3, ..., t1 has no effect on its probable evolution
in the future time ¢, given that its state at the current time ¢, _; is known.

In terms of probability distribution functions, the Markov property implies
F1|n—1(xn7 tn’:[nfl? tnfl; Tp—2, tn72; cey L, tl) = Fl\l(xna tn‘xnfla tnfl)

where the numbers in the subscript of the function denote the number of random variables
being jointly considered. In terms of probability density functions,

p1|n—1(xn7 tn|xn—17 tn—l; Tp—2, tn—Z; ey L1, tl) - p1|1($n, tnlxn—la tn—l)-

Consider a Markov process X (t) with initial condition X (ty) = zo. For the second-order
joint density function py);, we have
Pai (T2, ta; 21, t1|@o, to) = Prj2(2, ta|21, t; To, to) Prj1 (21, ti] 2o, to)
= pip (@2, ta|21, t1) pip (21, th]@o, to)

where the Markov property was invoked in the second line. In general, for p,;, we have

pn|1(xn> tna ey L1y t1|$07 tO)

= D111 (Tn, to|Tp—1, toe1) 1 (Tn—1, tne1|Tn—2, th—2) - - - D11 (21, t1] X0, to)

= HP1\1($i,ti|$z—17ti—1)~ (3.2)
i=1

So, for a Markov process with a known initial condition, any finite dimensional density
function p,; can be written solely in terms of the particular conditioned density function
p1j1- In other words, the probabilistic nature of the Markov process is completely described
by pij1 which is called the transition density function. Henceforth, we shall simplify the
notation by dropping the subscript; p;;; = p. The mean and autocorrelation functions of
the process, conditioned on the initial condition, are then given by

px(t) = E[X (1) | X(to) = o]

I
P
g8

zp(x, t|xo, to) d, ty < t, (3.3a)

Rxx(t1,t2) = E[X (1) X (t2) | X(to) = z0]

I
—

8

oo o0
/ 1129 p(2, ta|z1, 1) p(21, t1| 20, to) d1dTs, to <t; <ty (3.3b)
— —o0

15



A Markov process is said to be homogeneous in time if its transition density p(z, t|zo, to)
is stationary. That is, for all 7 € R,

p(x,t+ 7|xo, to + 7) = p(a, t|xo, to).

In other words, the transition density is time-invariant and therefore depends on time only
through the difference ¢t — to;

p(l’,t’l’o,to) = p(ﬁ,t - toll’o, 0)7 to < t. (34)

Another common notation is p(t, zg, x) (or pt(azo,x)). It represents the probability of
transition from zy to x in time ¢, irrespective of the actual position of the interval of length
t on the time axis.

For some time-homogeneous Markov processes, it happens that

lim  p(z,t|zo, to) = ps(z), (3.5)

(t—tp)—o0

where p, depends only on x and is called the stationary density function. This means that,
if the stationary density function exists, the statistical properties of the process eventually
become static. So, for the stationary mean, we have

pux = lim  E[X(t) | X(to) = zo]

(t—to)—>oo

= /_00 x ps(x) d. (36

o0

And for the stationary autocorrelation,

Rxx(ts—t) = lim E[X(t)X(t2) | X(to) = o]

(tl —to)—>oo

Z/ / 122 P(Ta, ta — t1|x1, 0) ps(x1) dridas

“Rx(r) = lim EIX()X(t+7) | X(t0) =

—/ / 129 p(T, 1, T2) ps(x) drids, (3.6b)

where 7 = |t; — ¢1| and Rxx(—7) = Rxx(7).
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A diffusion process is a special case of a Markov process. Many physical, biological,
economic, and social phenomena are either well approximated or reasonably modelled
by diffusion processes. Also known as a continuous or diffusive Markov process, it is a
Markov process whose sample paths are continuous functions of time. This property can
be expressed as

1
lim —P{| X (t + At) — X (¢ X(t)=x} = .
lim L P{X(+ 80 = X(0)] > €| X()) =2} =0, Ve >0, (3.7
which indicates that large changes in X (¢), of order exceeding a fixed €, are very unlikely
over sufficiently small time intervals. Diffusion processes are completely characterized by
two parameters, known as infinitesimal parameters or characterizing functions, that de-

scribe the mean and variance of the infinitesimal displacements. Denoting the infinitesimal
displacement in time At as AX(t) = X (t + At) — X (t), we define

.1

lAltrﬁ) EE[AX(t) | X (t) = x] = b(x, 1), (3.8a)
N 2 o1 2
Et% A—tIE[{AX(t)} | X(t) = x] = 0*(x,1). (3.8b)

The function b(x,t) is called the drift coefficient or the infinitesimal mean and o?(x,t)
the diffusion coefficient or the infinitesimal variance. They are continuous functions of x
and ¢, and o%(z,t) > 0. For a time-homogeneous diffusion process, these functions are
independent of ¢; so, b(z,t) = b(z) and o?(z,t) = o?(x).

In the multivariate case where € R", the analog of the infinitesimal relations (3.8a)
and (3.8b) are

.1 :
i‘fﬂ) EE[AXi(t) | X(t) = x] = b;(x, 1), i=1,2,..,n, (3.9a)
and
.1
lim CE{AXGHHAX; (O} | X () = 2] = a;(z, 1) (3.9b)

= oi(x,t)0j(x, 1), i,j=1,2,..,n,

where AX;(t) = X;(t + At) — X;(t) and x = (1, z2, ..., x,). b(x,t) is the drift vector and
a(z,t) is the diffusion matrix, which is symmetric and positive definite. Again, they are
independent of ¢ when the vector-valued diffusion process X (¢) = (Xi(t), X2(?), ..., X, (t))
is time-homogeneous.
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3.1.2 The Generator of a Diffusion Process

The generator of a diffusion process is a second-order partial differential operator associated
with it. Let {X(¢),t > 0} be a time-homogeneous diffusion process. The infinitesimal
generator G of X (t) is defined by

G (o) = tim 2/ X)) = /()

10 t

(3.10)

where E,[-] denotes expectation when the initial value of X (¢) is X (0) = x; that is, E,[e] =
E[e| X (0) = z]. The quantity G f(z) is interpreted as the mean infinitesimal rate of change
of f(X(0)) in the case where X (0) = z, and can be formally written for every continuous
twice partially differentiable function f(z). It is determined by the drift and diffusion
coefficients b(x) and o%(z) and, as such, every diffusion process is uniquely determined by
its generator G. The generator of a time-homogeneous diffusion process, expressed in terms
of the infinitesimal parameters, is

1, &

When X (t) is vector-valued with z € R™, drift vector b(x) and diffusion matrix a(x), the
generator is

(3.11)

- 0 1 0?

©J=

3.1.3 Evolution Equations for Diffusion Processes

In this section, we introduce equations that determine the time evolution of diffusion
processes. We commence with an important equation for Markov processes known as the
Chapman-Kolmogorov equation:

[e.9]

p(xs, ts|z1,t1) = / p(xs, ts|Ta, ta) p(xa, ta]xy, t1) daa, t1 <ty < ts. (3.13)

—00

It is essentially a consistency condition on the transition density function p for any Markov
process X (t). Based on this equation, one can derive two differential equations for the so-
called “forward” and “backward” time evolution of the transition density p(z, t|xo,to) of a

18



diffusion process. The first, known as the Fokker-Planck or Forward Kolmogorov equation,
is given by

0 0 1 92
ap(z,t!xo,to) =5 [b(z, ) p(x, t|zo, to)] + 3922 [0 (2, 1) p(z, t|z0, t0)]. (3.14a)
Given the initial condition p(z,t = tg|xg,ty) = 0(z — ), it constitutes a t-evolution

equation for p(x,t|xg, to), for fixed z¢ and ¢y, for the diffusion process with characterizing
functions b(z,t) and o%(z,t). The second is known as the Backward Kolmogorov equation
and is given by

2

1
txo, t 2(zo,t
p(z,t|wo, o) + 50 (w0,t0) 75 03:0

0
— — p(z, t|xo, to) = b(xo, o) =— 5

dto p(x,tlzo,to).  (3.14b)

6:60

Given the final condition p(z, t|xo,to = t) = d(z — xp), it constitutes a to-evolution equa-
tion for p(z,t|xg,to), for fixed x and ¢, for the same diffusion process with characterizing
functions b(x,t) and o?(x,t).

For a time-homogeneous process, since the transition density depends on time only via
the time difference ¢t — tg, it is desirable to express the time derivatives in the evolution
equations with respect to this difference. Let 7 =1 — 3 so that

p(I, t’l‘o, tO) = p(l’,t - tle(]? 0) = p<7—7 Zo, I)

Then, by the chain rule,

0 0 or 0

(975 (T Zo, L ) a_p( JIOVI) E 8 (T Zo, T )

0 0 or 0
8_150 (7—7 ZL'(),I'> - Ep(/ra Io,l') 0_150 - _Ep(,ra I’Q,ZE).

These can now be substituted into (3.14a) and (3.14b) to obtain the evolution equations
for time-homogeneous processes. The forward Kolmogorov equation is

0 0 1 9?

EP(T, To,T) = 9 [b(l’)p(T, xo,x)] + 5@[ 2(x) p(r, xo,x)] (3.15a)

and the backward Kolmogorov equation is

1 0?

p(T, xo, ) + —02(1’0) Wp(ﬂ 0, T). (3.15Db)

0
EP(T’ ilfo,-T) - b($0) 9 2

duo
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If a stationary density exists, then, for the forward equation,

lim p<7_7 L0, x) = ps(ﬂf) and lim _p(7—7 Lo, :B) = 07
T—00 T—00 87-

and for the backward equation,

7_11_{2017(7-7 xOJx) :ps(330) and 7_11_)120519(7—7 .130,37) = 0.

The evolution equations then become

0= —% [b(m)ps(x)} + %% [JQ(ZE)])S(ZEH
and p . »
0 = b(zo) d—xops(xo) + 502@0) d—wgps(mo).

(3.16a)

(3.16D)

(3.17a)

(3.17b)

In general, for a multidimensional time-homogeneous diffusion process X (t) = (X;(t),
Xs(t), ...,Xn(t)) with transition density p(t,z,y); x,y € R™, the forward and backward
Kolmogorov equations can be concisely written in terms of the generator G of the process

(defined in (3.12)) as
Op

9 =G,p
and 5

p

T =G,p

(3.18a)

(3.18b)

respectively. The subscript on the generator represents the variable it operates on, and G*

is the adjoint of G defined as

1,J=

') = =3 o ) fw)] + 3 3 5

For the case when a stationary density p, exists, we have

g*ps (y) =0

and
Gps(z) = 0.

20

dw;0w; [aij(w) f(w)], weR"

(3.19)

(3.20a)

(3.20b)



3.1.4 Stochastic Differential Equations

The concept of stochastic differential equations arises from the study of systems driven
by noise. These systems, known as random or stochastic dynamical systems, are usually
modelled by equations of the form

dX(t
P _ pexw.60). (3.21a)
where £(t) is the underlying random process driving the system. Equation (3.21a) can be
studied by analyzing an equivalent integral equation

X(t) — X(0) = /0 f(s,X(s),&(s)) ds. (3.21b)

Here, we are concerned with the particular case where (3.21a) takes the form

dX (1)

== b(X(1),t) + o (X (t), ) £(1), (3.22)

where £(t) now specifically represents the white noise process. Although white noise is
just a mathematical abstraction, it serves as a reasonably good approximation of several
random input processes that occur naturally in physical or biological contexts. It can
formally be seen as the derivative of the standard Wiener process (or Brownian motion)
W (t) — formally, because Brownian motion paths, although almost-surely continuous, are
nowhere differentiable. So, using £(t) = dW (t)/dt, (3.22) can be written as

dX () = b(X(t),t) dt + (X (t),t) dW (). (3.23a)

This is what is known as a stochastic differential equation (SDE). The differential nota-
tion used in SDEs is an informal shorthand notation for the equivalent stochastic integral
equation (SIE)

X(t) = X(0)+ /0 b(X(s),s)ds+ /0 o(X(s),s) dW(s) (3.23b)

since, in stochastic calculus, integrals are well defined but not differentials. The stochastic
differential notation makes the rules of stochastic calculus easy to use hence its wide em-
ployment. The solution of an SDE determines a diffusion process with infinitesimal mean
b(z,t) and infinitesimal variance o*(z,t). The stochastic integral [o(X(t),t)dW (¢) in-
volved in the solution has two prominent versions namely: the It6 integral (I-integral) and
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the Stratonovich integral (S-integral). More precisely, (3.23a) and (3.23b) constitute an It6
SDE and SIE, and the solution is an Ité diffusion process. The Stratonovich interpretation
is distinguished by the addition of a circle (o) before the noise term; that is,

o(X(t),t) o dW(t) = /a(X(t),t)odW(t).

The S-integral has the benefit that, unlike the I-integral, it satisfies most of the con-
ventional rules of ordinary calculus with respect to transformation formulas, such as the
chain rule, making its manipulation easier using familiar operations. This, however, causes
it to suffer the loss of a useful property that the I-integral enjoys, namely: the I-integral is
a martingale. Due to the nice properties of martingales, most theoretical work is generally
done with respect to I-integrals. In fact, manipulations of the S-integral are typically re-
duced to calculations of related I-integrals as the S-integral only differs from the I-integral
by a corrective term. We now state the precise relationship between the two integrals as
follows:

The solution to the Stratonovich SDE

dX (t) = b(X(t),t) dt + (X (t),t) o dW(2) (3.24)
is the same as the solution to the Ité6 SDE
dX(t) = |b(X(t),t) + %Z—Z(X(t),t) o(X(t),t)] dt+ o (X(t),t) dW(t). (3.25)

The correction term %aw o, discovered by Wong and Zakai [42] and consequently known
as the Wong-Zakai correction, contributes to the drift coefficient. It is therefore clear that
the Stratonovich SDE admits a (Stratonovich) diffusion process with the same diffusion
coefficient as that of the Ito interpretation of the SDE (i.e., 02(:)3,t)), but with the drift

coefficient being

b(x,t) + 1(‘9; (x,t) o(x,t).

20

Equation (3.22) therefore has two possible solutions depending on the interpretation of the
stochastic integral, and these two solutions behave quite differently. The Stratonovich so-
lution tends to be more natural for modelling of physical systems while that of It6 is more
natural for a wide range of real-world applications, particularly in financial mathemat-
ics. Random dynamical systems describing mechanical or structural engineering systems
parametrically excited by white noise processes (such as the one studied in this thesis) are
interpreted as Stratonovich SDEs as in (3.24). Evidently, if o(z,t) is independent of x so
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that o, = 0, then the It6 and Stratonovich solutions coincide.

Remark: As SDEs define diffusion processes, the Kolmogorov equations discussed in the
previous section provide a way of characterizing the solution of an SDE by solving a PDE.

Since the transformation properties of the Ito integral are not concordant with the rules
of ordinary calculus, there exists a special formula, analogous to the chain rule of ordinary
calculus, useful for changing variables and evaluating [t0 integrals. This transformation
formula, popularly known as [to’s lemma, is stated below.

It6’s Lemma: Consider the random process Y (t) = g(X(t),t), where X (¢) is the solution
of

dX(t) = b(X(¢),t) dt + o (X(t),t) AW (¢). (3.26)
Then Y (t) is also an It6 diffusion process with its differential dY (¢) given by
_ 0y g 1 0% 2

dY (t) = a(X(t),t) dt + %(X(t),t) dX(t) + 5@(X(t),t) (dX (1)) (3.27)

where (dX (t))2 is computed using
(dt)? = dtdW (t) = dW () dt =0, (dW(t))* = dt. (3.28)
Substituting (3.26) into (3.27) and using (3.28) to compute (dX(t))z, we get

4y (1) = [%(X(t),t) L B(X(8), ) %(X(t),t) +%UZ(X(t),t) 99 (x(t),1)| at

In integral form, this is

Y(t) =Y(0) —l—/o {% (X(s),s) +b(X(s),s) g—i(X(s), s)

+ 302()((5),5) @(X(s),s)] ds —i—/o U(X(s),s) %(X(s), s) dW(s). (3.30)

In the case where X (t), b(z,t) and o(z,t) are n-dimensional vectors in Euclidean space
R™, (3.27) becomes

dg "L dg 1 < 0%
dY (t) = - dt + ; au, i+ 5 Z ST, dX; dX; (3.31)

2,7=1
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where dX;(t) = b;(X(t),t) dt + 0;(X(t),t) dW(t) and (3.28) still applies. Putting them
together as before, we get

(09 =, 09 1 0%g " g
dY (t) = (E +izlbz 0.+ 5; O e dt+;az P, AW (t). (3.32)

Noting that o,0; = a;;, this can be concisely written using the operator defined in (3.12)
as

-\ ot
where (-, ) represents the inner product which, in this case, is simply the dot product of
the two vectors. In integral form,

Y (t) =Y(0)+ /Ot <% + gg) ds + /0t<a, Vg) dW (s). (3.34)

dY () = (@ + Qg) dt + (o, V) dW (1) (3.33)

3.1.5 The Feynman-Kac Formula

The backward Kolmogorov equation may also be formulated as follows. Define

u(t,z) S E[f(X(1) | X(0) = z] = E,[f(X(2))], (3.35)

where X () is the solution of (3.23a) - an Ito diffusion process. Then, u(t, z) is the unique
solution of 5
u

def

— = t R™
o =9 >0,z € (3.36)
u(0,2) = f(z), xR
A generalized version of this, known as the Feynman-Kac formula, is stated below:
Consider Caughy’s equation with deterministic forcing and an initial condition
0
a_:f = Gu(t,z) + c(t,x)ut,z) + g(t,x), t>0, zeR" (3.37)
u(0,z) = f(x) r € R".

The solution (¢, z) can be represented in the form
u(t,z) = E, [f(X(t)) exp{/otc(t—s,X(s))ds}
+/Otg(s,X(s)) exp{/osc(t—r,X(r))dr}ds]. (3.38)
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We shall particularly be interested in the situation where the multiplicative term and the
initial condition are both identically zero; that is, ¢ = 0 and f = 0. The Caughy equation
then reduces to

8u n
E = gu(t,x) + g(t,l’), t> 0’ reR (339)
u(0,z) = f(x) =0, z € RY,

and the solution u(t, z) is given by

u(t,z) = E, l/otg(t 5 X(s)) ds} | (3.40)

One can then use the integral definition of expectation

E[f(X(1)] = [ flw)pt,zy)dy,

R'Il

to write the solution in terms of the transition density p(t, z,y) as

u(t,z) = /0 /n g(t — s,y) p(s, z,y) dy ds. (3.41)

We will make use of the Feynman-Kac formula in the next chapter while calculating the
maximal Lyapunov exponent, which is described in the next subsection.

3.1.6 Stochastic Stability and Lyapunov Exponents

Stability deals with the long-term behaviour of a dynamical system. There are several ways
in which stochastic stability can be defined; for example, stability in probability, almost-
sure sample stability and p-th moment stability, to name a few. A complete exposition
into the available definitions of stochastic stability is provided in [18] for the interested
reader. Based on the definition of stability employed, one can determine conditions on
the system parameter values that dictate the stability properties of the system, and these
conditions vary depending on the choice of stability definition. The stability definitions,
however, are not all equal in strength. We find that the stability regions of the parameter
values determined by weaker definitions are contained within those determined by stronger
definitions. In other words, if stability can be established in terms of a stronger definition,
then the system in question is also stable in terms of any weaker definitions.

The definition utilized in this thesis is that of almost-sure sample stability, which is one
of the strongest definitions. A fixed point of a system is said to be asymptotically stable if
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the state of the system approaches this equilibrium solution as time tends to infinity. For
a stochastic system, a fixed point Z is said to be almost-surely stable if all sample functions
of the response, except those belonging to a set of measure zero, converge asymptotically
to & with probability one as time progresses. This can be expressed as

P{ggmwﬂ—fnzo}zy

However, since the equilibrium solution is typically taken to be the trivial solution z = 0,
the common definition used for almost-sure stability is

P{gﬁwX@H:O}:l, (3.42)

where this relation is to be satisfied for all x such that X (0) = z.

It was stated earlier that conditions on the system parameters that dictate the stability
properties of the system can be determined based on the stability definition employed. For
almost-sure stability, this is done via a quantity known as the maximal or top Lyapunov
exponent. It is defined by

1
A= lim = In || X(¢)], (3.43)
t—oo T

from which can be deduced,
I X ()] = tlim e,
—00

It therefore represents the exponential growth rate of the solution to the stochastic system,
which determines the almost-sure asymptotic stability of the equilibrium solution X (¢) = 0.
It can be seen as the stochastic analogue to the real part of the “maximal” eigenvalue of
the system matrix of the corresponding deterministic system. A necessary and sufficient
condition for almost-sure stability is thus that the top Lyapunov exponent be negative so
that (3.42) holds. If A > 0, then

P { Jim | X(1)] = 0o} =1,

which indicates almost-sure sample instability.

We now discuss how the Lyapunov exponent is computed for an n-dimensional linear
stochastic system
i=(A+F(t)z, z€R" (3.44)

where A is a constant coefficient n X n matrix and F(t) is a matrix of independent noise
functions f;;(t), ¢,7 = 1,...,n. It is a result of the work of Khas'minskii [16] which has
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proven fundamental to the area of research in the almost-sure asymptotic stability of
stochastic systems. When the noise functions f;;(t) are Gaussian white noise processes,
(3.44) can be written as a system of n linear It6 SDEs

del(t) = Zbijl'j dt—i-ZO'ijl’j dW(t), 1= 1,...,71,
j=1 j=1

which, in matrix form, gives the following n-dimensional Ito SDE
dX(t) = BX(t)dt + XX (t)dW(t), X(0)=z€R" (3.45)

where B = ||b;;|| and ¥ = ||o;;|| are constant n x n matrices. The generating differential
operator G associated with this system is given by

Gu = (Bz,Vu) + %(A(x)v, Vu),

where A(x) = (Xz)(3x)" is positive semi-definite and also assumed to be non-degenerate
in the sense that there exists a constant m > 0 such that for any arbitrary vector a =
(ag, .oy )t

I

(a, A(z)a) > mlz]*||o. (3.46)

Now, we introduce logarithmic-polar coordinates in R™ through the following so-called
Khas’'minskii transformation:

p ||z e R* and ¢ % ﬁ e Sn1. (3.47)

The angle process ¢(t) = X (t)/||X(t)| is defined on an (n — 1)-dimensional unit sphere.
This transformation onto a spherical projective space forms the basis for the calculation
of the Lyapunov exponent. Next, we apply It6’s lemma (3.33) to p(t) and ¢(t) to obtain
expressions for their differentials in 1to form:

dp(X(t)) = Gp(X (1)) dt + (SX (t), Vp(X (1)) dW (¢)
do(X () = Go(X (1)) dt + (X (1), Vo (X (1)) dW (¢).
This yields

dolt) = (600, (B = A@)o(0)) + 3tr(A(0) ] e + (6(0) So) aw(r, (.1sa)

() = | (B = A(@)o(0) - (900, (B~ 5A)9(0)o(0) ~ 5n(A(@)o0)]
+ [Z0(0) - (9(8).Zo(0)o(0)] W (1),

(3.48b)
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Since the drift and diffusion coefficients for the angle process ¢(t) depend only on ¢(t), it
generates a time-homogeneous diffusive Markov process on the unit sphere S"~! on which
it is defined. If it exists, let v(¢) denote the unique invariant measure of this process
which satisfies the stationary Fokker-Planck equation G%*v = 0, where G® denotes the
infinitesimal generator of ¢(t).

The infinitesimal coefficients of p(¢) also depend only on ¢(t). Defining

Q1) = (6(1). (B~ A8))6(0)) + 5tr(A(0))

for the drift coefficient and integrating,

p(t) — p(0) = / Qo(r)) dr + / (6(r), 2(r)) IV (1),
from which can be written

tim PO =20 _ gy 1 /0 Q6(r)) dr + Jim 7 /O (6(r), S(r)) dW (7).

t—o00 t—oo t

By the martingale property of the [to integral,

lim % /O (6(r), S(r)) dW (7) = 0,

t—o00

Therefore,
o1 1
lim ~In ]| X ()] :}LI?OE/O Q(o(r)) dr.

Notice that the left-hand side is precisely the definition of the Lyapunov exponent as
introduced in (3.43). Condition (3.46) is sufficient for the process ¢(t) to be ergodic,
meaning that time averaging is equivalent to ensemble averaging. We can therefore write

t

A=Tim ~ [ Q(é(r) dr = E[Q(6(1))]. (3.49)

t—oo t 0

So, the Lyapunov exponent can be found using the drift coefficient of p(¢) and the invariant
measure of ¢(t) by evaluating the integral

A= Q(¢) dv = Q(P)p(¢) do, (3.50)

Sn—1 Sn—1
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where p(¢) is the stationary density of the angle process ¢(t) which satisfies the stationary
Fokker-Planck equation G%*p = 0.

Now, consider, as in [3], the case where the linear stochastic system (3.44) is of the
form

i=A(&(t)z, x(0) ==z €R", (3.51)

where £(t) is a stationary, ergodic Stratonovich diffusion process defined on a smooth
Riemannian manifold M. Application of the Khas'minskii transformation to this system
yields

p(t) = Q(o(t), (1)) (3.52a)
o(t) = h(o(t), (1)) (3.52b)

where

Q(¢,€) = 6T A(6) ¢
h(.€) = (A(€) — Q(¢,€)1)¢.
As before, by integrating the p equation, we get

A = lim ! Q(o(7),&(7)) dr. (3.53)

t—oo t 0

If the diffusion process (4(t),£(t)) formed on S"~! x M is ergodic, and if it has a unique
invariant measure v(¢, ), then the top Lyapunov exponent is given by

=[] qwoa= [ [ Qoo (354
M Jsn1 M Jsn1
where p(¢, &) is the stationary density of the process (gb(t),f (t)) which satisfies the sta-

tionary Fokker-Planck equation G(*9*p = 0. Equations (3.50) and (3.54) constitute what
is known as the Furstenberg-Khas minskii formula.

3.1.7 Power Spectral Density

The power spectral density (PSD) Sxx(w) of a wide-sense stationary process X (t) is de-
fined as the Fourier transform of its autocorrelation function Rxx(7). So, Sxx(w) and
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Rx x(7) constitute a Fourier transform pair, and Rxx(7) is obtained as the inverse Fourier
transform of Sxx(w). That is,

1 [ .
SX)((W) = %/ RX)((T) e T dT, (355&)
RXX (7’) = / SXX(W) eim dw. (35513)

These are known as the Wiener-Khintchine relations. For the autocorrelation function, at
T =0, we get

Rux(0) = E[X%(t)] = /_ " Sx(w) dw, (3.56)

which shows that Sxx(w) is a frequency decomposition of the expected power in the
process. It provides the spectral distribution of the average energy of a stationary random
process.

Since Rxx(7) is an even function of 7, the imaginary part of the integrand in (3.55a),
namely —Ryx(7)sinwr, is an odd function of 7 and therefore makes no contribution to
the symmetric-limit integral. In short, by the properties of the Fourier transform, the fact
that Rxx(7) is a real, even function of 7 means that Sy x(w) is a real, even function of w.
The Wiener-Khintchine relations can then be equivalently written as

Sxx(w) = l/ Rxx (1) coswr dr, (3.57a)
™ Jo

Rxx(7) = 2/ Sxx(w) coswT dw. (3.57b)
0

For a mean-square differentiable process X (t), the PSD of the derivative process X (t) can
be obtained from that of the process itself via the relation

Sy (w) = w?Sxx(w). (3.58)

3.2 Linear Oscillator Excited by White Noise

In this section, we study the well-known mass-spring linear oscillator driven by additive
noise. This dynamical system is modelled by the following second-order differential equa-
tion:

X(t) + 2w, X(t) + w2 X (t) = F(t), X(to) = Xo, X(to) = Xo, (3.59)
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where ( is the damping ratio and w,, is the natural frequency of the system. This equation
can be cast into vector form by introducing the vector X(t) = (X(t),X(t))T7 so that it
becomes

- 0 1 0

X(t)=1_ o X(t) + 1 F(t). (3.60)

Wiy —2Cwn

We see that the system has the same form as (3.22) with the vector b being a function
of X(t) only, and ¢ being a constant vector (which is why the excitation is described as
being additive). We would like to investigate the long-term behaviour of the statistical
properties of the response of the system X () to the excitation F'(t), where the statistical
properties of the excitation are known.

3.2.1 White Noise

As we are interested in the case where the excitation driving the linear oscillator is white
noise, we commence with a heuristic description of the white noise process and its important
properties. As was mentioned in the discussion about stochastic differential equations,
Brownian motion paths are nowhere differentiable albeit being almost-surely continuous,
and, as such, their time derivative (white noise) can only be viewed in a formal sense
as a generalized stochastic process. Since Brownian motion has mean-zero independent
Gaussian increments, its time derivative ends up being a mean-zero Gaussian process such
that the random variables sampled at different times are independent. In other words,
a white noise process &(t) is a stationary Gaussian process with pue = E[£(t)] = 0 and
autocorrelation function of the form Re(7) = E[£(t)E(t + 7)] = 02§(7), where o2 is a
positive constant that can be seen as a sort of “variance”.

A key, and arguably the most prominent, property of white noise is that its power
spectral density is uniformly distributed over all frequencies; a characteristic of white light
hence the name “white noise”. That is,

S&(W) =5 Yw e R, (361)

from which it is readily observed that the process is not physically realizable since the
area under the spectrum is infinite, indicating the process would have infinite energy.
It however serves as a good approximation to several physical processes encountered in
practice because they usually have very flat spectral densities. From (3.55b), and using
the fact that the Dirac delta function can also be represented as

1 [~ .
i(r) = %/ e dw,

— 00
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we obtain the autocorrelation function of the white noise process as

Ree(T) = 2mSp0(T). (3.62)

3.2.2 System Response

Let us now derive the response of the linear mass-spring system by finding the solution
of (3.59), focusing on the underdamped case ¢ < 1. We begin by employing a change of
variables to simplify the equation. Let

X(t) = e “rly(t).
Then
X(t) = e = Cwny(t) +4(t)],
X(t) = e [Cuwly(t) — 2¢way(t) + (1))
Substituting these into (3.59) yields
j(t) + wiy(t) = e“" F(t),  y(to) = yo, y(to) = vo, (3.63)

where wgy = wpy/1 — (2. The solution to this equation can be written as the sum of
a solution for the homogeneous part satisfying the initial conditions, and a particular
solution for the inhomogeneous component. The linearly independent solutions for the
homogeneous equation are

y1(t) = coswgt  and  yot) = sinwgt,
for which the Wronskian is

Yyr Yo

W[yla 92}(15) = yi yé Wq-

| coswgt sinwgt |
—wg Sinwgt Wy cos wyt

Using variation of parameters, we seek a particular solution of the form

Yp(t) = v1 ()Y (t) + va(t)ya(t),

where
—yo(t) et F(t) sin wgt
U/ t — y2( — _6<wntFt ,
S (AT K
t) econt B(t) coS wyt
vh(t) = il = Snt 1) ——%,
0= W) K
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Integrating these gives

t .
sin wgt
vi(t) = —/ eSnTF (1) d dr,
to Wd
t
COS WyT
ve(t) = / e“nT P (7) < dr.
to Wq
Hence the particular solution is given by
t - t
sin wyT COS WqT
yp(t) = — cos wdt/ ST F(T) 4" dr + sin wdt/ TR (1) < dr.
to Wq to Wq
The general solution is therefore
b eSwnT B (7
y(t) = Acoswgt + Bsinwgt + / —————2[sinwgt cos wyT — cos wyt sinwyT)| dT,
to Wq

which can be simplified using a trigonometric identity to give

b eSonm B (7)

y(t) = Acoswgt + Bsinw,t + / sinwy(t — 7) dr.

to Wq

The constants A and B are found using the initial conditions y(ty) = yo and y(ty) = Yo.
We have

Yo = A coswgty + B sinwgty,
do
Wd

= —Asinwgty + B coswgty,
which are solved simultaneously to obtain
A = yg coswgty — L sin wyto,
Wq
. Yo
B = ypsinwgty + — cos wytyp.
Wq

Substituting into the general solution and simplifying with trigonometric identities,

) t CwnTF
y(t) = yocoswy(t — to) + Y sinwy(t — to) + / u sinwg(t — 7) dr.
Wd to Wy
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We now revert back to the original variable X () using:

y(t) = et X (t) = yy = Xoetn'o,
Jo = (CwnXo + Xo)ero,

which upon substitution yields

¢
X(t) = g(t — to)X() —|— h(t — to)Xo + / h(t — T)F(T) dT (364)
to
where
—Cwnt
g(t) = et | coswat + Wn sin wdt} , h(t)= ¢ sin wgt,
Wd

Wq
wi=+/1—C2 (<1.

It is clear that this solution is the sum of that of the homogeneous equation associated with
the original equation (3.59), X),(¢), and a particular solution, X, (¢), of the inhomogeneous

equation:
Xn(t)

A\

Ve

X(t) = gt —to)Xo + h(t — t0) Xo + /t h(t —7)F(T)dr.

to

. S

~~

Xp(t)

In vibration theory, h(t) is known as the impulse response since it represents the response
of the system, initially at rest, to a unit Dirac delta function §(¢). Any single input single
output linear time-invariant system is completely characterized by its impulse response.

3.2.3 Mean Response
We now proceed to find the mean of the solution (3.64) of the linear mass-spring oscillator.

Let the initial conditions X, and XO be random variables, and the mean of the excitation
be pp(t). We have

ux(t) =E[X(®)] = g(t — to) E[Xo] + h(t — to) E[Xo] + /tt h(t — T)pr(T) dT.

The integral can be rewritten using the substitution © =t — 7 so that we now have
. t—to
px(t) = g(t —to) E[Xo] + h(t — to) E[Xo] + / h(u)pp(t — u) du.
0
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When the excitation is stationary, its mean is constant. In that case, we have

. t—to
pc(t) = (¢ — ) ELXG) + bt — t0) Bl + pr | hw)d
0
The integral can now be evaluated as follows

t—to 1 t—to
/ h(u) du = — e~ sin wau du
0 wd Jo

1 t—to
= —Im {/ e(TSwnFiwa)u du}
Wd 0

1 e(—Cwntiwa)(t—to) _
Wq —Cwn + Wy

1 n .

=— [1 — e~ Cwn(t=to) (cos wa(t —to) + CL sinwg(t — to))]
Wy, Wy

= E[l —g(t —to)].

So the mean response is now
' Hr
px(t) = g(t —to) E[Xo] + h(t — to) E[X,] + F[l —g(t —to)]. (3.65)
Since we are interested in the steady-state behaviour, we obtain the stationary mean by
taking the limit as tg — —oo. It is clear that g(t — to) and h(t — ty) tend to zero in this
limit. So,

PP = ix, (3.66)

li t) =
i i) =
which shows that the mean response of the system tends to a constant value when driven

by a stationary excitation.

3.2.4 Covariance Response

Now, let us find the covariance function of the solution (3.64) of the linear mass-spring
oscillator. Let the initial conditions Xy and X, be uncorrelated with the driving force
F(t) whose covariance function shall be denoted by Crp(t,s). From the definition of the
covariance function,

Cxx(t,s) = E[X ()X (s)] — px(t)px(s)
= E[XL(t) Xn(s)] + E[Xn(t) X, (5)] + E[Xn(s)X,(1)]
+ E[X,(8)Xp(s)] — px (t)x (s)-
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Evaluating each term individually,
E[X5,(t)Xn(s)] = g(t — to)g(s — to) B[X3] + h(t — to)h(s — to) E[XF]
+ {g(t — to)h(s — to) + g(s — to) h(t — to) } E[XoXo),
BLX(0X,(5)] = glt 1) [ hls — 7 ELXoF (7)) dr

to

+ h(t — to) / ) h(s — 7)E[XoF (7)) dr,

to

E[XL(s)X,(t)] = g(s — to) / h(t — 1) E[XoF(7)] dr

to

+h(s — to) / "Wt — 1) E[Xo ()] dr.

E[X,(t)X,(s)] = /t /ts h(t — m)h(s — 75) E[F (1) F(75)] ds d3,

px (Dpx(s) = gt —to)g(s — to) B[Xo]* + h(t — to)h(s — to) E[Xo)?
+{g(t — to)h(s — to) + g(s — to)h(t — to) } E[Xo] E[Xy]
+ {g(t — to) E[Xo] + h(t — o) E[Xo]} 55 [1 = g(t — t0)]

n

+ {g(s — t0) E[X0] + h(s — 10) ELXa]} 51— g(s — to)]

n

1 Z_% [1—g(t —to)][1—g(s—to)]-

n

Since the initial conditions and the driving force are uncorrelated, the cross terms (i.e., the
E[X(-)X,(-)] terms) vanish. Using the standard definitions of variance and covariance,
the remaining terms can be simplified so that the covariance function of the response reads

Cxx(t,s) = g(t —to)g(s — to) Var(Xo) + h(t — to)h(s — to) Var(X,)
+ {g(t — to)h(s — to) + g(s — to)h(t — to) } Cov(Xo, Xo)

t s (367)
+ / / h(t — 1)h(s — 75) Cpp(T, T5) d7s dTy.
to Jto

Motivated by the fact that we are interested in the steady-state behaviour and we already
know g(t —to) and h(t —ty) vanish in the long run, we omit the first three terms to simplify
the algebra. The integral can be rewritten using the substitutions u; = t—7;, and us = s—7
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so that the covariance response is

t—to
Cxx(t,s) / / h(us) Cpp(t — us, s — us) dus duy. (3.68)

When the excitation is stationary, CFF(Tt, 7s) = Cpr(Ts — 7). So we have

t—to
Cxx(t,s) / / h(us) Cpp(s —t + up — ug) dug duy. (3.69)

3.2.5 Applying White Noise Properties

Now, let the driving force be white noise. F'(t) is then a stationary Gaussian process with

,uF:O, CFF(T) = RFF(T) :271'80(5(7').

Given this, it is clear from (3.66) that the stationary mean response px is also zero.
Substituting Cppr(7) into (3.69),

Cxx(t,s) = 27TSO/ / ug) 0(s — t 4+ uy — ug) dug duy

w—to
= 27TSO/ h(u)h(|s — t| + ug) dug,  w = min(t, s).
0
Taking the limit as ty — —oo to obtain the stationary covariance (or equivalently, correla-
tion) function,

RX)((S—t>: lim CXX(t,S)

to——o0

- 27TSO/ h(uh(]s — | + ) du
0

27TSO _Cwnls t‘

o0
/ e~ et gin wau sinwg(|s — t| + u) du.
wg 0

Letting 7 = s — ¢ and evaluating the integral, it can be shown [8] that

RX)((T> = 2@,:% e_Cwn|7'| |:COS u}d|7'| + ij_d smwd|7| , (370)
from which s
T
0% = Rxx(0) = E[X2(t)] = 2@03. (3.71)

So, as t — 00, the probabilistic behaviour of X (¢) becomes such that

7TSO
=0 d oy =-——.
Hx an Ox QCwi
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3.2.6 Response Stationary Density

So far, we have shown that, in the long run, the mean and variance of the response of
the linear mass-spring oscillator to the white noise excitation, tend towards stationary
values. Since the input excitation is Gaussian, the output response will also be Gaussian
because the system is linear. Therefore, X (¢) has a stationary density which is given by the
density function of a N(0,7Sy/2¢w?) random variable. Considering the system in vector
form (3.60), the vector X(t) = (X (¢), X (t))T is a Gaussian vector whose stationary density
function can be written explicitly since Gaussian processes are completely characterized
by their mean and variance.

Constructing the stationary density of the vector requires knowledge of the stationary
properties of the derivative process X (¢). The stationary mean is straightforward:

. y dpx
1 E[X(t)] = ——=0. 3.72
i E[X () = & (3.72)
The stationary covariance functions Ry (7) and Ry ¢(7) can be derived from Ry x(7)
using the facts
d d?

Ryx (1) = ERXX(T) and Ry (1) = —WRXX(T%

from which it can be shown, by setting 7 = 0, that

lim EX(®)X(t)]=0 and lim E[X?(t)] = 0% = S0 (3.73)

to——00 to——o00 X 2(0.)“

So, the mean vector m and covariance matrix C' of X(¢) are given by

7TSO

_ (0 _ | 2Cw;
m= (O) ! ¢= 0 7So
2Cwy,

The probability density function f; for a 2-dimensional vector Z ~ N(m, C') is given by

20) = 5 e {5 =T C e - m) |

So, the stationary density function p of X(¢) is given by

1 1
X)= —— ——XTC'_IX} ,
p(X) 2mv/det C exp{ 2
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from which we obtain

'_CW?@ _2@% 12 2 1'2
p(X,X) = Yoy exp 5 2wnX + 2X . (3.74)

3.2.7 Response Power Spectral Density

We would now like to find the spectral density of the response X (¢). Using the definition
of the PSD (3.55a),

1 0 .
Sxx(w) = %/ Rxx(r)e ™7dr

. 1 o 7TSO
C2m ) 2w

S, 0 , "
= 4C32 /_Oo e(Cwn—iw)T |:COS WyT — Ci sin wdT} dr

w. .
e~ Cwnlrl |:COS wa|T| + CWn sin wd|7'|} e T dr
Wq

Wq
0o ‘ W,
+ / e~ (Cuntiw)r {cos WaT + SWn sin wdT} dr,
0 Wq

which upon simplification gives

So

(Cw? — w? + w?)? + 4w w?’

Sxx(w) =

Substituting for w?, we obtain

So

Sxx(w) = (W2 — w?)2 + 4202 W2

(3.75)
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Chapter 4

Stochastic Stability of the
Autoparametric Vibration Absorber

In this chapter, the stochastic stability of the autoparametric vibration absorber intro-
duced in Chapter 2 is analyzed. In particular, we seek to derive an explicit result for the
almost-sure stability of the single mode solution of the system by computing the maximal
Lyapunov exponent. A mathematically rigorous method for the calculation of the maxi-
mal Lyapunov exponent for such a system excited by a multivariate Ornstein-Uhlenbeck
process that represents a generic parametric real noise is presented in [6]. In this chapter,
the focus is to approximate, via a formal expansion, the maximal Lyapunov exponent of
the autoparametric vibration absorber perturbed by small intensity multiplicative real and
white noise processes. The approach adopted here is different from the method developed
in [6]. We follow the perturbation method developed originally by Sri Namachchivaya and
Van Roessel [24] for a four dimensional system parametrically excited by real noise. This
method relies on the Feynman-Kac formula introduced in Chapter 3 that establishes a link
between parabolic partial differential equations and stochastic processes. The work in [6]
also provides the proof of the existence and uniqueness of a certain ergodic invariant mea-
sure that is essential to the calculation of the maximal Lyapunov exponent. Furthermore,
in [6], it is shown that the approximation of the maximal Lyapunov exponent is indeed
asymptotic.
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4.1 Asymptotic Scaling

The equations governing the dynamics of the autoparametric vibration absorber were de-
rived in Chapter 2. They are given, in dimensionless coordinates, by

. a . N A A2 A A
ﬁ+2§0ﬁ+ﬁ—R<9sin9+0 cose) — £(t) (4.1a)
0+ 2,0 + (q2 — ﬁ) sin§ = 0, (4.1b)

where
2T kR Wy
Pl 7 me+my,’ W
R def my, é def Co 2 def Cpr\/ Mo + My
Mo +my, 2/k(mo+my) " " 2m 2V

>
(oW

oy S]] ) 9 ).

As we would like to solve the system analytically, we resort to the use of the asymptotic
(or perturbation) solving technique. It is widely employed for tackling challenging problems
as it decomposes the problem of interest into an infinite number of relatively easy ones
which can be solved iteratively to obtain an approximate solution that is accurate up to a
chosen order of accuracy. The first few steps typically reveal the important features of the
solution and the remaining ones give small corrections. The first act in the process is the
introduction of a small positive parameter ¢ < 1 to scale various important parameters in
the system.

~

We are interested in analyzing the stability of the fixed point (7,60) = 0 of the unper-
turbed system. The important assumption in our asymptotic analysis is that the dissipation
and random perturbations are small and scaled appropriately so that the system undergoes
small random vibrations about the static equilibria = 0 and 6 = 0. We shall therefore
consider these quantities on a finer resolution by letting 1 and 6 be defined by



where £(t) is a white noise process of “unit variance” and v is an empirical parameter
that controls the intensity of the noise. Again, we assume dissipation to be small as the
dynamics of the system is most interesting when it is not overdamped. We therefore let (,

and fp be of the form
def def

Co = Co and Cp - €2€pa
where (, and ¢, are positive constants less than 1. This corresponds to letting the damping
of the oscillator (which can be seen, for example, as a car) be of size 1 and that of the
pendulum be of size €. We are therefore letting the oscillator (car) maintain its natural
damping while that of the pendulum (vibration absorber added into the car) is made to be
as small as possible to facilitate our asymptotic analysis of its stability. Substituting these
into (4.1), we obtain the dynamics of the system as the following perturbation problem:

il + 2Con + 1 — R(Osin(e0) + €62 cos(e0)) = vE(t) (4.2a)

q2

0+ £22¢,0 + (? - 7‘7) sin(ef) = 0. (4.2b)
The principal feature of this system is, due to the dominant deterministic component of
the dynamics, the deterministic dynamics gives us a place to begin seeking structure in
the midst of the randomness. Once this structure is understood, we can then examine
how various system parameters affect other important quantities. In particular, we want
to derive an expression for the noise intensity v in terms of the other system parameters,
which states a condition that guarantees the almost-sure stability of the vibration absorber.

4.2 Single Mode Solution

Now, assume that the pendulum initially hangs vertically at rest. Then 6 will of course
be identically zero (a locked-mass dynamics) and only the oscillator, excited by v&, moves
in the vertical direction. This constitutes the single mode solution of the system as only
the mode representing the displacement of the oscillator, and hence the entire rigid body,
from its static equilibrium is active. Equations (4.2) then reduce to

i(t) +2Gon(t) +n(t) = vE(t), (4.3)
where, since &(t) is white noise, e = 0 and Sge(w) = So, s0 Ree(7) = 2mS00(7). The
statistical properties of the steady-state response 7(t) can then be explicitly derived using
the techniques shown in Section 3.2. Its stationary correlation function is given by

1S,
v 0€7<o

2¢,

7]

Ry (1) = coswy|T| + fj—‘;sinwdlr\], (4.4)
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where wg = /1 — (2, ¢, < 1. So, for the stationary mean and variance, we have

v2mS,

2¢,

=0 and o) = Ry, (0) = (4.5)

The stationary density can then be obtained as

p(n,1) = C'exp {—7 (%7}2 + %772> } (4.6)

where

2 4 - _So

V27TSQ 1/27T2SQ ’

Finally, the power spectral density is given by

’y:

Smle) = (47
w) = . .
R (1 —w?)? 4 4¢2w?
Since £(t) is of unit variance as in a standard Brownian motion, we have
1
ol =218y =1 = Sy =—,
2m
so that now,
, U2 S, () 1 V2
g = — w) = —
n 4(0’ m 27T (1 —w2)2 "‘4(02&)2 (4 8)
_ 4 o= 2% |
TE e

4.3 Linear Variational Equation

We would like to analyze the stability of the locked mass (i.e., the pendulum) about its
equilibrium state # = 0 in the single mode solution. This is obtained by giving it a small
perturbation away from the equilibrium state to get a variational equation about this state.
So, remembering 6 was already scaled,

0(t) =0+ ¢(t), 0(t)=0+0(t), 6(t)=0+o(t).
Substituting these in (4.2b) yields

60) + 26,000 + (£ = (0 ) sin(eolt)) = .
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Since we are assuming the system undergoes small oscillations, we use the first-order ap-
proximation of sine to linearize the equation. We get the variational equation for the
stability of the pendulum as

O(t) +£°26,0(t) + (¢° — ii(1)) 6(t) = 0. (4.9)
Stability results for the equation in this form already exist. An explicit expression for the
maximal Lyapunov exponent is derived in [4] where parametric excitation of the random
oscillator via a coloured noise process such as 7(t) is treated but will not be valid to deal
with noise of the type 7j(¢). In [33], the white noise situation is treated. Instead of leaving

fj(t) as the parametric excitation, we use the equation (4.3) governing the single mode
solution to rewrite it as

i(t) = vE(t) = 26n(t) —n(t) = ei(t) = ev€(t) — 26n(t) — en(t),

so that the stability problem then becomes

o(t) + 622§p¢(t) + (q2 —ev€(t) +e2¢,n(t) + 87](t)) o(t) =0,
where ii(t) + 26i(t) + () = vE().

At this point, we make an interesting observation. The variational equation of the pendu-
lum is now parametrically excited, in the form of multiplicative noise, by

(4.10)

e the Gaussian white noise process £(t),

e the coloured noise process 7(t) which is driven by the same Gaussian white noise
process £(t),

and

e the derivative 7(t) of the coloured noise process.

Let us write the linear variational equation (4.10) as a system of first-order equations.

We define

uw=¢ = l1=0¢=u

Uy = = Uy == —qus — e220uy — £(2C + N)uy + evE(t)u,
so that the corresponding first order system is

<Z;> N (—Oq? —5%2@) (Z;) + (_6(24371 +1) 8) <Z;> + w C‘;) £(t). (4.11)

J/ J/
-~

A B C
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Let u = (uy,uz)”. As stated earlier, there are stability results [4] for the system in the
form @ = Au+ B(n(t))u with only a coloured noise process 7(t). In the case of only white
noise, that is, the system in the form u = Au + Cué(t), Khas'minskii [16] presented a
general method for obtaining necessary and sufficient conditions for stability. The novelty
in what is presented in this thesis is that the variational equation is parametrically excited
by both white and coloured noise processes. In particular, the coloured noise is driven by
the same white noise process that is driving the variational equation parametrically. To
that effect, to study the stability of the pendulum, we augment the equation governing the
coloured noise into (4.11). That is, we write (4.3) as a system of first-order equations by
defining

vp=1n = U] =1 =1

vy =1) = Uy =1} = v§(t) — 2Cvs — vy,

so that the corresponding first order system is

()= (% 1) () (e s

Now, we can augment (4.12) into (4.11) by making use of the new state variables v; and
vy to rewrite uy:

Uy = —q2u1 — 522Cpu2 - 6(2<0U2 + U1>U1 + €V€<t)u17

so that the full augmented system in a four dimensional state space becomes

iy (t) 0 10 0\ [w®
Up(t) | _ | —¢* —e(26ua(t) + (1)) —€%2¢, 0 0 uy (1)
(1) 0 0 0 1 v1(t)
0 0 0 -1 =2¢/ \va(t)
0
e 5“6(’5) £(t), (4.13)
1

which is nonlinear due to the parametric excitation of u by v := (vy,v2)T. This system can
be represented as a stochastic differential equation of the Stratonovich type:

du1 (%) 0
_ a2 _ 22
dus _ [ q* — e(2¢,vg + vl)]ul £72C,us dt+ v eur | AW (8).
dU1 (%) 0
dvsy —v1 — 2(,09 1
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That is, we have

Uy
dX (1) = b(X (1)) dt + o (X (1)) 0dW (), X(0)=z=|"*], (4.14)
U1
U2
where
U9 0
b(z) = =@ = o2, : o =G | o(z)=v 881
2
—U1 — 2<0U2 1

We would like to work with an Ito stochastic differential equation. Therefore, we apply
the Wong-Zakai correction to the drift vector b(x) to obtain that of the corresponding It6
SDE. The correction is given by

n

~ 1 8@- .
. = b, - —0; : <1< n.
bi(x) = bi(x) + 5 E o, oi(x); 1<i<n

Jj=1

do;
For i € {1,3,4}, o;(x) is a constant. So 7

= 0 for all j € {1,2,3,4} and b;(z) = b;(z).
l“.
For 1+ = 2, we have ’

9] 0 9] 0
{T(eul) -0+ a—uz(eul) euy + (‘3_1)1(8u1) -0+ 8_112(€u1) 17

. /
-~

=0

Therefore, the system (4.13) can be represented by an It stochastic differential equation
dX(t) =b(X (1)) dt + o(X(t)) dW (t), (4.15)

where X (0) = z, b(z) = b(z) and o(z) are as defined in (4.14). The diffusion matrix a(x)
is defined as

0 0O 0 0 O
TN 2| W 9|0 i 0 ey

a(x) =o(x)o" (z) =v 0 (0 euy 0 1)=v 0 0 0 0
1 0 eup 0 1
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The generator of a time-homogeneous diffusion process is given by

QZb

So, the generator £ of X (t) is

ai;( 8% axj (4.16)

0 19) 0 0
ZF = =upg -+ ([ — ¢ — e(2Cv2 + v1)]us — 522Cpu2) 9, + Vo~ o — (v + 2COU2)8_112

v? , 0 0? 0?
+3<€ Ula 2+€QU1au281}2 a—vg),

which we rewrite as a decomposition in powers of ¢:

L LA+ 2L, (4.17)
where 5 5 5 52
V2
— Uy — 2 zY
o = o - = Qg g = (0 W) g 5
L = —(2Cv2 +v1) a + 2 >
ov2 vyth ou U9 3u28112
0 V2 82
g 2Cpuga + - a

The generator ¢ of the coloured noise process 7(t) defined by (4.3) will also be of interest
to us. From the first-order system form (4.12), we have

b(x) = (—vl fZQCovz) and o(x)=v (?)

for its [to SDE representation since it follows from the previous calculation that the Wong-
Zakai correction here will also be zero. The diffusion matrix is

a(z) = o(z) o7 () = v (g’) (0 1) =02 (8 (1)) |

So, from (4.16), we have

0 0 v? 02
G = vy — (01 + 2, .
0281 (v1 + C02)82+26U§
which, upon close observation, we realize constitutes part of % defined for the complete
augmented system (4.13).

(4.18)

47



4.4 Coordinate Transformation

The basis for the calculation of the Lyapunov exponent is the transformation of the di-
mensions of the system of interest into logarithmic-polar coordinates. Our system (u,v)T
is given by the It6 SDE (4.15). We are interested in the stability of the pendulum, which
corresponds to only the u part of the system. Since the structure of the system is such
that w and v are coupled only via the influence of v on u (and not vice-versa), we can
effectively treat u as a system on its own that is parametrically excited by v, and apply
the coordinate transformation to only u, instead of the entire system (u,v)?, to obtain the
maximal Lyapunov exponent dictating the almost-sure stability condition of just u. To
that effect, as in [4], consider the standard transformation

up=rcose and uy =grsing. (4.192)
We have
2
p(u) :=In|r(u)| where r(u)=4/u}+ (@)
4 (4.19b)
and QO(U,) = tanfl (2) .
quy

Since w is given by an It6 SDE, we apply Itd’s lemma to p(u) and ¢(u) to determine the
respective SDEs governing them. The generic formula for a function f(u,v) is

df (u,v) = Lofdt + (Vf,0)dW (t)

O, f 0

:($0f+e$1f+52$2f)dt+< gwjf , 5”0“1 >dW(t)
O, f v

[ of o of  Of of  12Of

—{ 81 qu 82+ 281 (U1+2C0U2)82+28U§ dt

of |, 0*f
+¢ { (2¢v9 + Ul)ula_g + vy Tusdns dt

2 2
+¢? { 2Cquaf+V— gf]dt

9, 0
+ {Euula—i + 1/8—52] dW (t).
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However, since p and ¢ are functions of only u, the 1t6 SDEs for p and ¢ reduce to

0 0
dp = UQ@ - q2u1—p dt + ¢ | —(2¢,v + vl)ul—p dt
aul 8u2 auQ
5 2 g2 op (4.20a)
o[ g Op V2 207 9
+e [ Gz s + 5 ul&u% dt + €Vu18u2 dW (t)
dp = {mg—gp — q2u1g_90 dt + ¢ {—(2{0'02 + v1)uy (,%0} dt
o 2 2 (4.20b)

oo V2 ,0% Op
2| 2
+e { 2Cpu2—8u2 + 0} ul_@u% dt + evuy s dW (t).

Computation of the derivatives of p and ¢ requires laborious calculations, the details of
which are shown in Appendix A. The derivatives we require are

dp  cosp Jp  sing

ou, ou,

dp  sing dp  cosyp

dus  qr dus  qr

O?p  cos?p—sin®p D*¢  2sinpcosyp
ous q>r? o2 @2

We now substitute these into (4.20) and simplify.
The order 1 drift terms:

at ), 0P 2, 0P
Qolp.) Lz — i 7

cos 9 sin
= qrsinp q°T cos =0
def O 5 Op
ho(p, V) = ug—/— — U1 =——
O(SD ) 28'&1 1 18U2
. singp 9 cos
= —qrsinp — q“rcosp = —q.
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The order ¢ drift terms:

Q1(p,v ) —(2¢,v2 + v1)uy aap
Uy

—(2(ov9 + v1) T COS @ i

qr

1

—5(2@@2 + v1) sin ¢ cos ¢
0

(. v) = (20 + v 5
U
Cos ¢

(2,
(2¢ov9 +v1) T COs P =

1
—5(2('0112 + v1) cos® .

The order 2 drift terms:

op V2 , 0%p
— _2 _
QQ(gpa ) Cqua + 2 a %
V2 cos? p — sin®
= —2C,qr smgo . + 5 r? cos? @ @quQl Ld

2

= —2(,sin’ p + 2—612 cos? p(1 — 2sin? @)

dp ]/2 92
hZ(SOa ) —2<pu2 “ 2 %
noe ? 2sin @
B _QCP grsi oy V2 r? cos? @ £8P Cosy

¢2r2
2
. 2 3
= —2(psingpcosp — — sinp cos” p.
q
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The diffusion terms:

def 8p
V) = vu;—
QD(()Oa ) 18”2
sinp v,
= VT COS = —sinpcos
qr q
def 890
h V) = VU ——
p(p,v) 18u2
cos v
= VUTCOS ('0:—0082@
qr q

So, the SDEs for p(u) and ¢(u) are

dp = Q°(p,v) dt +Qp(p,v) dW(t)

4.21a
— [Quli.) + 2. ) + = Qalp, )] dit + Qi) AW (E) (4210)
dp = h¥(p,v) dt + ehp(p,v) dW(t) (4.21b)
- [ho(gp, v) + ehi (@, v) 4+ 2ha (¢, v)} dt + ehp(p,v) dW(t) '
where
Qo(p,v) =0 ho(p,v) = —¢q
1 . 1
Q1(p,v) = —5(2@1}2 + 1) sin p cos hi(p,v) = —6(2{’01}2 + 1) cos? @
Q2(p,v) = —2¢, sin? ¢ ha(p,v) = —2(, sin ¢ cos ¢
2 2
+ 2y—q2C082 o(1 — 2sin? ) - %singpcos%p
QD(% U) = g sin o cos hD(SDa U) = g cos” ©.

4.5 Furstenberg-Khas’minskii Formula

The process Y (), formed by ¢(t) and v(t), is a diffusion process given by the 1t6 SDE

dY (t) =b(Y(t)) dt +o(Y () dW(t), Y(0)=y= ;;01

V2

, (4.22)
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where

ho(%’U) —|—€h1(90,?]) + €2h2(90,'l)) €hD((,0,U)
b(y) = Vg and o(y) = 0
—v1 — 2(,U9 v

The diffusion matrix a(y) is defined as

ehp(p,v) e2h%(p,v) 0 evhp(p,v)
aly) =o(y) o’ (y) = 0 (ehp(p,v) 0 v) = 0 0 0
v evhp(p,v) 0 v

So, using (4.16), we write the generator A° of Y (¢) as a decomposition in powers of &:

AT = Ap+ A + %Ay, (4.23)
where 5 5 5 2
Ao = ~i5, + Vg T (v1 + 2(002)8 o + ?8_1)2

1 o 2 0?
A — _ 2 ; 2 . - 2
1 q( Covg + v1) COS @890—1— . coS ('0(9908@2

2 9 2 9?
Ay = <—2§psingocosg0 - %singocos:)’ <p> 7 + % cos? ¢ a7

If Y(¢) is ergodic, then, by the Furstenberg-Khas'minskii formula, the Lyapunov exponent
for u = (uy,us)? is given by

A =E[Q(p,v)]

//Qe oo o 0) dip do, (4.24)

(¢(t),v(t)) that satisfies the stationary

where p°(p,v) is the stationary density of Y'(¢)
Fokker-Planck equation A%*p®(p,v) = 0.

Computation of the Lyapunov exponent requires Y (¢) to be ergodic. Mathematically
rigorous proof that Y () is indeed ergodic and has a unique invariant measure u(p,v), is
presented in [6] for a multivariate Ornstein-Uhlenbeck process v(t) that represents a generic
parametric noise. The following reasoning is also provided as a means of loosely justifying
the ergodicity of Y (¢) since a proof is not provided here. For an ergodic process, time and
ensemble averages are equivalent. Consequently, this means that, after a sufficiently long
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time, a single trajectory in the system’s state space will eventually pass through all possible
points in the space; hence it visits all possible states of the system. Based on knowledge of
a classical linear oscillator excited by white noise, presented in Section 3.2, it is reasonable
to say that v = (vi,v2)7 is, on its own, ergodic. For ¢, since the leading order term in the
drift coefficient is a constant that cannot be zero, it will never get trapped anywhere in
the state space. By these arguments, one can hypothesize that Y'(¢) is an ergodic process.

4.6 Asymptotic Analysis

To calculate the Lyapunov exponent in (4.24), we need to solve for p°(¢,v) using the
Fokker-Planck equation
A% p* (@, v) = 0.
Instead of doing that, as in [33], we consider the adjoint problem
Atuf (o, v) = Q%(p,0) = X° (4.25)

where

.AE :A0+8A1 +€2.A2

U = ug + euy + 2ug + - - -
Q° =¢cQ1 + Qs
N=Xg4+eN +e X+

In general, a necessary condition for an equation of the form Au = f (where A is a linear
operator) to have solution(s) is that (f,v) = 0 for all v satisfying A*v = 0. So, the
solvability condition for (4.25) is

<Q€(‘P>U) - )\Eypg(%”» =0 where A”p*(¢,v) =0,

and (-, -) represents the inner product

<f(%0av>»g(%v)>://f(w,v)g(go,v)dgodv.

The principal idea is to solve asymptotically for (¢, v)! while obtaining the terms of A\
via the solvability conditions of the equations at each order of €. Equation (4.25) can be
written explicitly as

(.A() -+ 5./41 + 52./42)(160 —+ cuy + €2U2 =+ - ) = (8@1 + €2Q2) — ()\0 + 6)\1 + 62/\2 + - ),

!Clearly, this u differs from that which represents the system u = (u1,u2)? whose top Lyapunov
exponent is being solved for.
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which after expanding and grouping in orders of ¢ yields the following set of Poisson
equations:

O(1) Aoug(p,v) = =g (4.26a)
O(e) Aour (p,v) = Q1(p,v) — Ajug(p,v) — M (4.26b)
O(e?) Aous(ip,v) = Qa(p,v) — Ajus (0, v) — Asug(, v) — Aa. (4.26¢)

Note that we expand only up to the e2-order equation as that is the order of accuracy we are
looking to achieve. As shall be seen later, it is at this order we get the first non-vanishing
value in the asymptotic expansion of A\°.

4.6.1 The Leading Order Equation

The leading order equation (4.26a) is
0
~0 (#0) + Fualiprv) = o

where ¢ is the generator associated with the coloured noise oscillator system v = (v, UQ)T
as defined in (4.18). Its solvability condition is

_<)\0;p0(90,v)> =0 where A8p0(¢7u) =0.

The adjoint (Fokker-Planck) equation is relatively easy to find a solution for. Since Aj is
a linear differential operator, Ajpo(¢,v) = 0 is a linear homogeneous partial differential
equation whose solution can be written in the form

po(p,v) = T(p) o(v). (4.27a)

Given the composition of Af, we can make informed assumptions on the form of I'(y)
and o(v). It is reasonable to hypothesize that I'(¢) corresponds to the density of the
uniform measure associated with the polar coordinate ¢ of the undamped, unforced system
u = (uy,us)’ with frequency ¢, as evidenced by the differential equation dp = —qdt in

(4.21b) when € = 0;
iLl . 0 1 Uy
uy)  \—¢* 0) \uy/)’

Perhaps more evidently, o(v) can be reasonably assumed to be the density (4.6) of the
invariant Gaussian measure associated with the coloured noise linear oscillator system
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v = (vi,v2)T (4.12). So, we have

1 1, 1
[(p) =5 and ofv) = Cexp {—7 (511? + 5@3) } :

T (4.27h)
4Go 2¢o
where v =—, (C=—=.
v V2
We proceed to show that this does indeed satisfy the adjoint equation:
Aspo(p,v) = %(qpo) +9"po
— 40) 5 + (DT 0(0)
1 0 0 0% [v?
—— —_—— — 2 — —
o |~ (a0 + 5 (014 2m)o(0) + 1 (5 20))]
1 o 0o 0 v? %0
_ — — _— _— 2 B — _—
27 { b2 o t U 0y + Co@vg (UQQ(U)) + 2 Jv3
where
0o 0
8_211 = —yv10(v) 8—1)2(@2Q<U)) = Q(U)(l - ’YU%)
do o )
Bo, = 7ue(v) o = —y0(v) (1 —7v3).

Substitution of these derivatives into the expression yields Agpo (¢, v) = 0, confirming that
the proposed solution is valid. So, from the solvability condition,

A07p0(¢7 )> 0
)\0//190%0, d(,OdU—O
)\0 ==

Thus the leading order equation (4.26a) has solution ug(p,v) = K, where K is a constant.
The e- and e?-order Poisson equations (4.26b, 4.26¢) then become

O(e) Aoui(p,v) = Q1(p,v) — M (4.28a)
O(£?) Agusz(p,v) = Q2(p,v) — Aju (¢, v) — Ag. (4.28b)
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4.6.2 Poisson Equations and the Feynman-Kac Formula

Consider a generic form of the Poisson equations

AoU(gO, U) = F(907 U)

with solvability condition

(F(g,v),p0(p,v)) =0 where  Afpo(p,v) =0,

s0 po(p, v) is as defined in (4.27a, 4.27b). We seek a solution to this generic form that can
be applied to the Poisson equations as required. It is written explicitly as

- qg—;w, v) + u(p,v) = Flp,v). (4.29)

Introducing an auxiliary time ¢, the equation becomes [24]

(57 + 135 ) ults0) = Fult ) = g (4.30)

Since the inhomogeneous term F'(p, v) is independent of ¢, u(y, v) is the stationary solution
of (4.30). That is,

U((p, U) = tlir?o U(t7 12 U)'

The goal is to transform the auxiliary equation (4.30) into a standard backward Kolmogorov
equation and use the Feynman-Kac formula to solve it. We employ the transformation [24]

t=(r+s), p=q(r—s) (4.31a)

and let w(r, s,v) = u(t(,s),¢(r,s),v). Since the transformation is nonsingular (agi"g =

—2q # 0), it is invertible and its inverse is given by

1 7 1 P
_ 1 ¥ _ (7 4.31
T 2(t+q), s 2(t q) (4.31b)

so that u(t, p,v) = w(T(t, ©), s(t, @), v). Applying the chain rule, we have
ou Owdr OJwds 10w 10w

o oror  dsor 207 20s
ou 8wﬁ 8w% 1 ow 1 ow

%_Eago—i_%&p_Qan 2q Os
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Substituting these into (4.30) yields

ow

ar
where G(1,v;s) = —F (90(7, s), v) and the homogeneous initial condition is used since the
initial condition generally does not affect the stationary solution, which is what we are ul-
timately interested in. This equation constitutes an inhomogeneous backward Kolmogorov
equation parametrized by s. Once it is solved for w(r,v;s), the solution u(t, ¢, v) of the
auxiliary equation (4.30) is obtained by reverting back to the original variables, then, by

taking the limit as ¢ — oo, we get the solution u(y,v) to the generic Poisson equation
(4.29). That is,

(1,05 8) = Gw(T,v;8) + G(T,v; 8); w(0,v;s) =0, (4.32)

L Iy t, e t v
U(QO,U) - tll{gou(ta QO,U) - tliglo UJ(§ + 2_qu7 9 2q) :

We now proceed to find the solution of (4.32). According to the Feynman-Kac formula,
this solution is given by

w(r,v;8) = E, UOT G(r=t,V(t);s) dt’] , (4.33)

where the process V (t) = ( 2(t) ) This can be written in terms of the transition
density function p(r,v, v ) of V

(r,v; 5) //R (r — .0/ 8) p(t',v,0') dv' dt’, (4.34)

q t
/ g /R2 < +— =t 5 2_90(1) p(t', v, ") dv' dt'. (4.35)

4.6.3 The e-Order Equation

so that

The e-order equation (4.28a) is given by

Aour(p,v) = Fi(p,v)

where

1 )
Fi(p,v) = Qi(p,v) — A1 and  Qi(p,v) = —5(2(‘0112 + v1) sin g cos .
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From the solvability condition,

<Q1(QD,U) - Al,po(go,v)> =0
)\1 = <Q1(907U)7p0<(,0,1])>

:[L@wmmmmwm

1

2
2mq Jw2 Jo

1 2m
= " Ina R2(2(0v2 +v1) o(v) dv /0 sin2p dp = 0.

~
E[2¢ov24v1]

So, by the mean zero and periodic properties of Q1 (¢, v), we get that A\; = 0, meaning that
Fi(p,v) = Q1(p,v). We have

Gi(r,v38) = —Fi(p(7,5),v) = =Fi(q( — 5),v)

1
= 2—(2§0v2 +vy)sin2q(T — s)
q

1
LGt =1t s) = 2—(2@2}; + ) sin2g(1 — t' — ).
q

oot 1 A t.oy ot ¢
Gi| -+ -ty -— | ==—(2¢ 2 -4+ ——t'— -+ —
1( + . Uiy 2q) 2q(Cvz—|—v1)sm q<2+2q 2+2q
1
— 2—(2@1); + v}) sin(2p — 2qt").
q
Therefore, from (4.35),

1 [zt
uy(t, o, v) = % /2 ’ /R2(2COUQ + v}) sin(2p — 2qt") p(t', v, v") dv’ dt’, (4.36)
0

from which we obtain the steady-state solution u;(g,v) that solves the e-order Poisson
equation (4.28a) by taking the limit as t — co. So, we have

1 o
uy(p,v) = 5% /0 /R2 (2¢,v5 + v}) sin(2¢ — 2qt") p(t', v, v") dv' dt’. (4.37)
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Defining auxiliary variables

Ki(v,t") d:ef/ vip(t',v,v")dv" and  Ky(v,t') Cl:ef/ vy p(t', v, ") dv', (4.38)
R R?

the solution u; (¢, v) can be concisely written as

1 oo

up(p,v) = 5 / (2K (v, ') + Ky (v,1)) sin(2¢ — 2qt") dt’. (4.39)
q.Jo

It turns out that the ¢ derivative of this function is required in the next stage of the

calculation process. It is given by

%(w, v) = %/ (26, K2 (v, ') + Ky (v, ') cos(2p — 2qt') dt'. (4.40)
0

The auxiliary variables defined in (4.38) can be calculated explicitly by recognizing that
they are, by definition, the expectation of v’ = (v}, v5)? := v(#) given the initial condition
v(0) = v = (vy,v2)T. That is, K;(v,t') = E,[v;(¥')], i € {1,2}. Using standard techniques
[22], v can be shown to be given by

[28] = 2() (Z;) -/ Lo ) (S) (s) ds,

where
Co . 1 .
ot [ coswat’ + 22 sinwgt’ — sinwgyt’
N aet (ot W, w _ 2
(') =e 1 e / d g NE wg = /1 —C2
—— sinwyt coswgt’ — 22 sin wyt
Wd Wd

The auxiliary variables K;(v,t') are then explicitly given by

) =B )]

t / CO / e—Cot' /
e~ [ cos wygt + —sinwgt’ | v1 + sinwgt | v
Wq Wq

—Cot/ C

€ . Y .

— sinwgt’ ) vy 4+ 7% | coswat’ — 22 sinwgt’ | ve
Wd Wd

(4.41)
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4.6.4 The €2-Order Equation
The e2-order equation (4.28b) is given by

Aouz(p,v) = Fa(p,v)

where
F2(907 U) = Q2(80, U) - Alul(% U) — Ao
and

2

v 2 p(1 — 2sin? )
cos sin
2q¢?

2
= (p(cos2¢p — 1) + 4V 5 (

Q2(p,v) = —2¢,sin® p + —
UL osdo & cos2

— — COS COS

5+ 5 cosdp ©

1 0 2 0?
Arug (0,v) = — =(2(,v + v1) cos® o 8%,01 + % cos® 8(,0;112

= — 2—(12(2@1;2 + v1)(cos 2 + 1) / (26 Ks(v,t') + Ky (v,1)) cos(2¢ — 2qt") dt’
0

Q
—_

I/2 o 8 8K1 ’ ’
+2—q2(0052g0+1)/0 (2{0 Ton 2 (v, )+a—2(v t)) cos(2p — 2qt") dt’.

We use the solvability condition of this equation to find A, the first non-zero value in the
asymptotic expansion of the Lyapunov exponent. The solvability condition is

<Q2(‘va) — Ajui(p,v) — Ao, po(ep, )> =0
Az = (Qa(:v) polp,0)) = (Arun (@, v). polp, v))- (4.42)

We shall treat each of these averages separately, so, let
Al = <Q2(90a U)7p0(307 U)> and AQ = <A1U1(90, U)apO((pv U)>
For Ay, we recognize that Q> turns out to be a function of only ¢, so that

m:[ﬁ@wmmwwm

1 2 1 2

| @ [ o= [ auerae

:27T 2m Jo
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where the integral is calculated as follows:

f =
/ Os(0) dip = or Qs(p) I{COSTLQO; keR.neN.
k2m  for Qs(p) = kK

Therefore,
v

The evaluation of Ay is a lot more involved, and we would like to obtain the results in
terms of power spectral density. We have

//Alul ©,v) po(p,v) dp dv

27
/ Ay (10, 0) o(v) dp dv
RQ

o /RQ /0 {2—612(2(01}2 + v1)(cos2p + 1)

/OOO(QCOKQ(U, ') + Ky (v, t’)) cos(2¢ — 2qt") dt’} o(v) dp dv

N g

/0 (2§03K2( t') + %—K;(v t)) cos(2¢ — 2qt") dt’} o(v) dep dv.

We interchange the integrals to compute the ¢ integrals first:

Ay = — 217T {2; (2@;1}2 +vl) /OOO(QCOKQ(U,t/) + Kl(v,t’))

2
cos 2 + 1) cos(2p — 2qt") dp | dt' | o(v) dv
0

1 12 8K2 0K1
+o R2[2—q2/0 <2Co (v, )+a—2(vt))

2
cos 2p + 1) cos(2¢p — 2qt") dp | dt’ | o(v) dv.
0
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These phase average terms yield

27
/ (cos2p + 1) cos(2p — 2qt") dp
0

2m 2m
= / cos 2¢ cos(2p — 2qt’) dyp + / cos(2¢ — 2qt") dyp
0 0

14

J/

1 2w 1 27
= —Cos 2qt'/ dp + = / cos(4dp — 2qt") dp
2 0 2 Jo

i

=27

= 7 cos 2qt’.
Substituting this into the expression for Ay, we get

1
4q2 R2
2

A2:

[(2{0112 + v1) /00(2COK2(U, t') + Ki(v,t)) cos 2qt' dt/] o(v) dv
0

v 0o 0K, A 0K , L
e 9. 222 9 .
" 4q* Jge {/0 ( o Ovy (v, #) + OVs (vt )> cos 2qi dt}g(?}) dv

Again, we interchange integrals; this time, so that we can compute the v integrals first.

We have
1 o0

A= — —
? 46]20

1/2 oo aKQ ’ aKl ’ , ,
+ 42 J, {/W (QCOa—vQ(U,t)—F 8_1;2(U’t>> o(v) dv} cos 2qt’ dt’.

Now, let us make the following definitions:

def

Rl (t,) = /R2 (QCO,UQ + 'Ul) (2C0K2(U7 t/) + Kl (U7 t,))g(v) dv
. oK, ., 0K,
Ralt)™ [ (%W;@,t )+ St >) o(v) v,

then, Ay can be written concisely as

I 2
Ay = _—2/ Ry (") cos 2qt’ dt’ + y_2 / Ry(t') cos 2qt’ dt'.
4q 0 4q 0
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{/ (202 + v1) (26 Ka(v, 1) + Ki (v, 1)) o(v) dv] cos 2qt’ dt’
R2

(4.44)

(4.45)



The stationary autocorrelation function of a process f (V(t)) is
Ry (') = (V(t))f(V(t +1))]
/ f(v ) p(t', v,0")o(v) dvdv'. (4.46)
R2 JR2

With this in mind, and from the definitions of K;(v,t) and Ky(v,t’') given in (4.38), for
Ry (t'), we have

Ry (t/) = 4(3 U2K2<U7 t,)Q(U) dv + 2Co/ v KKy (U, t,)Q(U> dv
R2

RQ

+2C0/ v Ko (v, t)o(v )dv~|—/ v1 K (v,t)o(v) dv

R2

= 4¢2 / / vl p(t', v, V") (v)dvdv'+2§o/ / vov) p(t', v, v")o(v) dv dv’
R2 JR? R2 JR?

- 2{0/ / v1h p(t', v, v")o(v) dv dv' + / / v} p(t', v, 0" o(v) dv dv’
R? JR2 R? JR2
= 4(: RU2U2 + 2(0( v2”U1< ) + R”Ulvz( )) + vavl (t,)'

The stationary autocorrelation functions for v(t) = (vi(t), Ug(t))T are given by [22]

(Rvm(t’) Rm(t’)> :E[vl(t)vl(t—l—t’) vl(t)vz(t—i-t’)}

Ry, (') Ry, (t) vo(t)ur(t+ 1) va(t)ve(t +t')

1
Gl [ coswalt'] + S sin wg|t'| — sin wyl|t'|
-2 | w . (4.47)
Co —— sinwy|t'| cos wy|t'| — == sin wy|t'|
Wy Wd

Thus, we have Ry, (t') + Ry, (") = 0, which reduces Ry (t') to
Ry(t') = 4G5 Rugoy (t') + Ruyoy () (4.48)
For Ry(t'), we have

8K2 ’ a-Z(I /
Rg(t’):QCO/RQ 81)2( ;) o(v )dv—i—/wa—w(v,t)g(v)dv.

Using the expressions for K;(v,t') and Ks(v,t') obtained in (4.41), we calculate
0K G’ OK. :
ot ¢ i 2(2} t') = =%t (

sinwgt’ and

81)2( )T Wy Ovs

coswgt’ — S sin wdt') . (4.49)
Wy
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Therefore,

f _Cot/
Ry(t) = 2¢,e™%" (cos wat’ — %o sin wdt') / o(v)dv + ‘ sin wdt’/ o(v) dv
W R2 W R2

d d

—Cot! / 1— 2(02 : /
=e " | 2(, coswyt’' + ——= sinwgt' | . (4.50)
Wq

Substituting (4.48) and (4.50) into (4.45) yields

1 (o)
Ay = — 7 [4C2 Ry, (t') + Ry, (t)] cos 2qt" dt’
0
V2 o0 1 — 2
+-— et (2(0 coswgt’ + ° sin wdt’) cos 2qt’ dt’
2 00 [e'S)
= — q—‘;/ Ry, (') cos 2qt’ dt’ — 12 Ry, 0, (t') cos 2qt" dt’
0
VQ 0 &0 / 1—-2 2 & ’
+ —i / e coswyt’ cos 2qt’ dt’ + w / e%" sin wyt’ cos 2qt’ dt’
2¢° Jo 4q°wq 0
1 G : v
= - — Ry, (') cos 2qt dt’ — RW)2 (') cos 2qt’ dt
4q% Jo ? Jo
VG,

+ / e~ [ cos(wy + 2q)t' + cos(wa — 2q)t'] dt’
0

J/

4q2

-~

Iy

o
/ e~ %! [ sin(wq + 2q)t + sin(wy — 2¢)t'] dt’.
0

J/

V(1 —2¢?
L -2
8q%wq

-~

I

Using standard integral identities, the integrals I; and I can be shown to simplify to

v [ 2¢3(1 + 44%) v [ (1-28)(1 —4¢%)
4¢% | (1 4+ 4¢2)? — (4qwg)? 4q (14 4¢%)% — (4qwq)?

I, = ] and I, =

so that Ay becomes

1 [~ .
M= =g [ R cos2at it = %5 [ R () cos2at at
4¢° )y 0
v T20(1 +4¢° )+(1—263)( —4¢%)
4g? (1+4¢%)? — (4qwa)? '
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The power spectral density defined in terms of the cosine function is
1 (o]
S (W) = —/ Ry, (t') coswt' dt’. (4.51)
0

™

Hence As can be written in terms of power spectral density functions as

m (2 v? 1265 (1 +4¢%) + (1 - 2¢)(1 — 4¢%)
Do = =75 S (20) =~ 5ua(20) + 413 { (1+4%)* = (dgwa)? } |

4q?
The power spectral density functions of v; and vy are related as follows:

Sf]' (w) = WQSm?(w) - szvz (w) = W2va1 (w)7 (452)
so that Ay may be written in terms of only S,,,, as
m v [2¢(1 +4¢%) + (1 —2¢0)(1 — 4¢%)
Ny = ———[Sy0,(2¢) + 4C2(29)2 Sy, 0, (2 — | = 0
2 4q2 |:Sl 1( q>+ CO( q) Sl 1( Q)i|+4q2 |: (1+4q2>2_(4qwd>2 :|

= = S 20) (1 4+ 16¢20%) | + [2@(1 +(14i l;)gl:(iii:;z— )

g 4g?
Now that we have finally obtained an expression for Ay, we substitute the expressions in
(4.43) and (4.53), for Ay and Ay respectively, into equation (4.42) to obtain an expression
for A, the second order approximation of the maximal Lyapunov exponent. We have

} . (453)

A=Ay — Ay
2
v
— ot = 4 =S (20) (1 4 16¢2¢°)

8¢ A (4.54)
v? [2¢(1+4¢%) + (1 — 2¢2) (1 — 4¢°) '
4g? (1+4¢%)* — (4qwq)” ’

where the spectral density function is given explicitly by
1 v?

Sy (W)

T2 (1= w?)? +4C%?

Since the ultimate goal is to obtain an expression for the noise intensity v in terms of the
other system parameters, we rewrite (4.54) as

V2 P

_ 2 2
Ao = —(p+ 8_q2 + 4—(]251)11;1(2(1)(1 +16¢;q )
v? [2¢(1+4¢°) + (1 —2¢0)(1 — 4¢°)

4q? (1+4¢2)? — (4qwaq)? ’

(4.55)
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where
1 1

va 2q) = — d =1
1 1( Q) 27T (1 _4(]2)2 + 16C3q2 al CUd CO

Substituting for S,,., (2q) and wy, (4.55) eventually simplifies to

2¢%1?
(1—4¢%)* +16¢3¢>

S—— (4:56)

4.7 Stability Results

We have found that the maximal Lyapunov exponent that governs the almost-sure stability
of the pendulum in the single mode solution of the system being studied in this thesis is
given by
2¢%1?

(=427 + 16837
This result agrees perfectly with that of Baxendale and Sri Namachchivaya [6] where math-
ematically rigorous asymptotic results for a multivariate Ornstein-Uhlenbeck process that
represents a generic parametric real noise is presented for the same system. There, fur-
ther analysis is performed to show that the expression (4.57) for the maximal Lyapunov
exponent is indeed asymptotic, and that the higher order terms in it are O(e?) as e — 0.

A=¢?|—( + +0(Y), e—0. (4.57)

The result also validates those of Onu et al. [31]. There, the variational equation was
considered in the form of (4.9), that is,

O(t) + £22G,0(t) + (¢ — €ii(t)) ¢(t) = 0.

Then, based on the results of [4, 33], an explicit expression for the maximal Lyapunov
exponent of the single mode solution was approximated, for the parametric real noise
excitation 7j(t), to be

A=t (<6t S0, (4.589)

where, although its existence was not rigorously shown, the power spectral density function

of 7j was taken to be

1 wi?

T or (1 —w?)?+42w?

The logic behind this approximation of Sj;(w) is as follows:
Since, for a differentiable real noise process 7(t), the power spectral density functions of 7

Siriy(w)
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and 7 are related by Sp;(w) = w?S,,(w), this implies
() = i) = ' S).
Therefore, combining these ideas, (4.58) is then

1 (2¢)*?
om (1 - 4¢%)% + 4c3<2q>2> ’

~ 22 4
w2 (6t

which simplifies to

2¢%1?
Ame? [ ¢+ . 4.59

(-6 ae o (4.59)
This is precisely the second-order approximation of A as seen in (4.57) obtained via the
calculations presented in this chapter. It is remarkable that the expression that was derived
in this thesis with more rigor matches the approximation presented in Onu et al. [31].

We now use the second-order approximation of the maximal Lyapunov exponent (4.59)
to derive a condition on the white noise excitation intensity v that guarantees the almost-
sure stability of the pendulum. To do this, let A = 0 so that

2¢%1?
_ c -0
Cp + (1 - 4q2)2 + 16C02q2 )

where 1, represents the critical noise intensity at the stability boundary. Rearranging for
v, yields

o \/@[(1 —4¢7)? +1662*] (160)

2q°
The necessary condition for almost-sure stability is A < 0. Using this, we get that the

necessary condition on the excitation noise intensity for the pendulum to be almost-surely
stable is

3 \/cp[u — 44 + 16G¢°] o

2q?

So, when the excitation noise intensity v is small, the size of the motion of the oscillator
n is similarly small, and the pendulum undergoes small random motion near the stable
point 8 = 0; the system is stable. However, as the excitation noise intensity is further
increased, the top Lyapunov exponent A becomes positive when v > v, and the system
becomes unstable.
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To analyze the effects the system’s parameters have on its stability, we consider plots
of (4.60) to observe the behaviour of the almost-sure stability boundary of the single mode
solution. In particular, we are able to see the destabilizing effect of internal resonance by
plotting against the frequency ¢ for different values of the dissipation coefficients of the
primary system (the oscillator) (,, and of the absorber system (the pendulum) ¢,. These
plots are presented in Figures 4.1 and 4.2. In each plot, the region of stability represented
by (4.61) corresponds to the area below the graph and above the horizontal axis.

From the figures, it is evident that the stability boundary curves are centred upon a
key value of the frequency; they all trough at ¢ = 0.5. That is, the minimum point of
each curve occurs at this value of ¢, meaning that the threshold level of the excitation
intensity parameter v required to cause instability of the single mode solution is obtained
when ¢ = 0.5. This shows that unstable random motions of the coupled system are most
likely to occur when the natural frequency ¢ of the absorber system is tuned to be in the
vicinity of half of that of the primary system, which, in this case, was normalized to unity.
Therefore, although no particular attention was given to the 1:2 resonance in the analysis
of the linearized system, the stability boundary curves immediately show the significance
of internal resonance in determining the behaviour of the system.

The graphs of the stability boundary also show the effect of the dissipation coefficients
(o and (, on the stability region. Increasing the damping in either of the primary or
absorber systems causes the region of stability to increase. In particular, the minimum
point at ¢ = 0.5 where the boundary troughs moves upwards, implying that the threshold
level of the excitation intensity v that results in instability of the single mode solution is
increased. This effect is clearly more prevalent in Figure 4.1 where the damping of the
absorber system ¢, is kept constant while that of the primary system (, is varied. The
behaviour displayed in this figure mimics that of the instability tongues and transition
curves in the stability chart of Mathieu’s equation with linear viscous damping [17]. This
equation is a linear second-order ordinary differential equation with cosine-type periodic
forcing of the stiffness coefficient as follows:

i(t) 4+ ci(t) + (6 + acost)z(t) = 0.

The variational equation of the absorber system has a similar form except that the forcing
of the stiffness coefficient is random. In particular, this forcing consists of the white noise
process that excites the primary system and the real noise processes that represent the
random motion of the primary system generated in response to the white noise excitation.
This variational equation is given, prior to the introduction of asymptotic scaling, by

O(t) +26,0(t) + (q° — vE(t) + 260 (t) + n(t)) p(t) = 0.
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Let us first consider the scenario where only the white noise £(t) is present in the parametric
forcing. In this case, the second-order approximation of the top Lyapunov exponent is given

by [33]
€y g2 v
=2 (6 gz
and the almost-sure stability boundary is thus given by

Vf = /8(,q%

So, in this scenario, the stability boundary is simply a straight line from the origin whose
slope is determined by (,. Now, notice that (4.60) can equivalently be expressed as

(1= 442 + 16G¢
Ve = \/8<pg2 16q4 .

Therefore, the expression for the stability boundary is a product of the contributions of
the white and real noise processes. The white noise has a sort of amplification effect,
introducing (, as a vertical scaling parameter, the effects of which are evident in Figure
4.2. The fact that the stability boundary is a curve that always troughs at ¢ = 0.5 is the
effect of the real noise. It brings in (, as a parameter that controls how far up from the
horizontal axis this minimum point occurs, leading to the Mathieu-like behaviour observed
in Figure 4.1.

In summary, because of the nature of the parametric excitation of the variational equa-
tion of the absorber system containing correlated white and real noise processes, the dis-
sipation coefficients of the primary and absorber systems have a similar effect on the
almost-sure stability of the single mode solution of the overall system, but the manner in
which this effect manifests itself depends upon the ratio between the natural frequencies
of the primary and absorber systems, represented by ¢. As mentioned earlier, increasing
either of these damping parameters results in an increase in stability, which is the similar
effect they both unsurprisingly have. From Figures 4.1 and 4.2, it can be observed that
for a given frequency reasonably far away from ¢ = 0.5, an increase in (, results in a
significantly larger increase in the maximum intensity required to maintain stability than
a corresponding increase in (,. In other words, when the frequency ¢ is outside the vicinity
of the 1:2 internal resonance, (, plays a far more crucial role in stabilizing the vibration
absorber system. This makes sense from a physical point of view as one would expect the
damping in the vibration absorber to be its primary source of stability. However, the story
changes when the frequency ¢ ~ % In this resonance regime, (, becomes the key stabiliz-
ing parameter because, as mentioned before, it controls how far up the minimum point of
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the stability boundary occurs, which corresponds to the threshold level of the excitation
intensity required to cause instability of the single mode solution in 1:2 internal resonance.

Intensity, v

1 5 1 _CO — 002
’ ---(,=0.15
-—- (=04
....... ¢, =0.7
= (=09
1 |1
0.5 1 STABLE
(A <0)
0 : : : ‘ Frequency, q
0 0.5 1 1.5 2

Figure 4.1: Almost-sure stability boundaries for ¢, = 0.1 and different values of ¢,
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Intensity, v

15 | _Cp — 002
-=-C =0.15
- (=04
....... ¢, =0.7
== (=209
1 1
0.5
STABLE
(A <0)
0 ; ; : : Frequency, ¢
0 0.5 1 1.5 2

Figure 4.2: Almost-sure stability boundaries for ¢, = 0.1 and different values of ¢,
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Chapter 5

Conclusion

In this thesis, the almost-sure stability of the single mode solution of a two degree-of-
freedom autoparametric vibration absorber is studied. Modelled by a pendulum, which
represents the vibration absorber, attached to a mass-spring oscillator excited by a small-
intensity additive white noise, the maximal Lyapunov exponent for the pendulum is com-
puted to obtain the bifurcation points of its equilibrium solution # = 0 in the parameter
space of the system. The novelty in this work is that the variational equation governing
the stability of the pendulum is parametrically excited by the white noise exciting the
oscillator, as well as the real noise (and its derivative) generated in response to the white
noise excitation. Calculation of the Lyapunov exponent involves taking advantage of the
special structure of the system of equations governing the stability of the single mode so-
lution, and employing perturbative techniques. The asymptotic analysis leads a sequence
of linear Poisson equations to be solved at each order of €. The solvability condition of
these equations at each order yields the terms in the asymptotic expansion of the Lyapunov
exponent. The asymptotic nature of this expansion is rigorously proven in [6].

Using the second-order approximation of the maximal Lyapunov exponent, the almost-
sure stability boundary with respect to the system parameters is obtained, and several
trends of practical importance to engineering applications are observed. In particular, it
is observed that the damping parameter ¢, plays a pivotal role in maintaining the almost-
sure stability of the single mode solution of the vibration absorber, which is logical since
it controls the energy dissipation in the vibration absorber and should therefore have a
direct impact on its stability. The other damping parameter (,, which controls the energy
dissipation in the primary system represented by the mass-spring oscillator directly excited
by the Gaussian white noise, is the key stabilizing parameter for frequencies close to the

1

one-to-two internal resonance frequency ¢ = 5 at which the almost-sure stability of the
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single mode solution of the vibration absorber is least. In general, increasing either of these
damping parameters increases the stability of the system.

The work presented in this thesis can be complemented by explicit calculations of
other related stability quantities to provide a more complete description of the asymp-
totic behaviour of the randomly excited autoparametric vibration absorber considered.
Closely related to the Lyapunov exponent A is the rotation number a. Roughly speaking,
whereas A determines the growth or decay properties of the solutions X (t) = (X(t), X (t))
of a stochastic system, « determines the asymptotic rate of rotation of the unit vector
X(t)/|IX(t)]|. It is analogous to the imaginary part of the “maximal” eigenvalue of the
system matrix of the corresponding deterministic system. Another important quantity
is the moment Lyapunov exponent g(p) which describes the exponential growth rate of
E[||X(¢)[[P]. It is therefore a quantity used to characterize the stability of the p-th moment
of a random dynamical system, and it provides insight into the rate of convergence of the
system response towards its steady-state value [21].

It is important to recognize the critical limitation of this study is that the model is not
very robust. This stems from the fact that the random external excitation given to the
mass-spring oscillator in the model is assumed to take the form of a Gaussian white noise
process which, as has been discussed in this thesis, is merely a mathematical abstraction
that is not physically realizable. It serves the purpose of simplifying the analysis while
still providing reasonable results because it is a good approximation to physical processes
encountered in practice that have very flat power spectral density functions. Therefore,
a natural progression of this work is to consider a more realistic external noise excitation
with a non-flat spectral density function. Although the analysis will be more difficult,
the results are likely to be more realistically representative of mechanical and structural
engineering systems subject to random external forcing.
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Appendix A

Derivatives of p(u) and ¢(u) in
Section 4.4

From the coordinate transformation defined in (4.19), we have
U = rcosp, us = qrsing (A.1a)

and

p(u) :=In|r(u)| where r(u)= “%(%)2’ (A.1b)

Differentiation of p clearly requires the chain rule. We have

dp _OpOor 10r
Ouy — Orou  rou
dp _OpOr 10r
uz  Orduy  rOuy

?2p 9 [10r 10% 1 [ 0r)\’
2 — . — 92 2\a " (A.2)
ouy  Ouy \r 0wy rou;  r? \O0u
Pp 9 (1or\ 10 1 (0r\’
oud  Ouy \rduy) roui 12 \Ouy
P _ 0 (L) 1 o 1o\ o
Ou0us  Oug \70uy; )  roudus 12 \ Ouy Oous ) -
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We now compute the first-order derivatives of r and ¢:

or N 1 2 U9 2\ 2
a—mﬁ(“ﬁ(zw |

_1
o Ly (w)) " 2w _sing
duy 2\ \ ¢ ¢ ¢Pr g
dp _quT% B — o up sin ¢
- 2 2~ T 2
T (m ) w(a) 0
dp _ q%l . u_ql Uy CoS ¢
- 2 27 2
o (m) e (z) 0w
The first-order derivatives of p are then
dp 1 0r cosyp
ouy  rouy T
dp 1 0r singp
Ouy 1rOuy  qr
We now compute the second-order derivatives of r:
O*r 0 ( ) 0 ( ) dp  sin®¢
— = —(cosp) = —(cosp) =—/— =
ou?  Ouy ? %) 14 Ouy r
0?r 18(_ ) 1(9(, )8g0 cos?
— =——(sinyp) = ——(sinp) —/— = ——
oul  qOuy 4 q Oy 7 Bu g°r
0?r 0 ( ) 0 ( ) Oy sin ¢ cos ¢
= cos p) = —(cos =— )
Doy Oy 7T 9 % Bu qr

The second-order derivatives of p are then

p 19%r 1 (37‘)2_Sin2g0—0082<p

ou?  roud r?

8u1

r2

p  19°r 1 (8r>2_0082¢—sin2ap

o roud 2
p 1 Pr 1
OuOuy 1 OuOuy 12

6u2

(@) (3
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q2T2

2sin @ cos ¢
gr*

(A.3)

(A.5)

(A7)



We now compute the second-order derivatives of ¢:

PP

r

r2

r2

0 [sing) TCOS@%—SiHSOaa—Jl _ 2sinpcosg
o?  Ouy B

¢ _ 10 (cosgo> :1—T81H¢§—£_C059038—7; _ 2sinpcosy (A.8)
oud  qOuy r q r2 q>r?
0% 0 [sing) = TcCOs S%% — sin 9038—52 B sin? p — cos? ¢
5’u13u2 N 8u2 T N 72 B qr2

In summary, the derivatives of p(u) and ¢(u), up to the second order, are

dp  cosp
oy r
dp _ sing
Ous qr
?p  sin’¢ —cos?p
ou? 72
O?p  cos’p —sin’p
ou3 q*r?
9?p 2sin @ cos ¢
Ouq0us qr?
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dp  singp
ou; 1
dp  cosp
dus  qr
0? 2 sin @ cos
e ()
0P 2sin  cos ¢
R

oAt sin® p — cos? ¢

OuyOus qr? ’
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