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Abstract

In this paper the response of nonlinear systems driven by parametric Poissonian white noise is examined.

As is well known, the response sample function or the response statistics of a system driven by external white noise processes is completely
defined. Starting from the system driven by external white noise processes, when an invertible nonlinear transformation is applied, the transformed
system in the new state variable is driven by a parametric type excitation. So this latter artificial system may be used as a tool to find out the proper
solution to solve systems driven by parametric white noises. In fact, solving this new system, being the nonlinear transformation invertible, we
must pass from the solution of the artificial system (driven by parametric noise) to that of the original one (driven by external noise, that is
known). Moreover, introducing this invertible nonlinear transformation into the 1t6’s rule for the original system driven by external input, one can
derive the Itd’s rule for systems driven by a parametric type excitation, directly. In this latter case one can see how natural is the presence of the
Wong—Zakai correction term or the presence of the hierarchy of correction terms in the case of normal and Poissonian white noise, respectively.

Direct transformation on the Fokker—Planck and on the Kolmogorov—Feller equation for the case of parametric input are found.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The problem of predicting the response statistics of linear or
nonlinear dynamical systems under white noise processes is a
very important task because the applications in many areas such
as physics, engineering, astrophysics and so on. Many books
(see e.g. [1-7]) have been devoted to this subject, termed as
stochastic differential calculus (SDC) and the corresponding
differential equations are termed as stochastic differential
equations (SDE).

In dealing with linear and nonlinear systems driven by
external white noise the literature is exhaustive and the
response statistics are given by applying the main tool of Itd’s
calculus [8]. In the case of external Poisson white noise the
response statistics are easily performed by properly extending
the 1t6’s differential rule [9-12].

If the excitation is modulated by a function of the
response, the system is labelled as driven by parametric or
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multiplicative excitation, and the problem of predicting the
solution response is not trivial. So far, the response of a
system driven by a parametric normal white noise has been
evaluated by simply modifying the drift term accounting for
the Wong—Zakai or Stratonovich (WZ-S) corrective term,
for writing the differential equation in incremental form [13,
14]. At the beginning, some controversy arose about the
presence of this corrective term [15-17], but at present this
is widely used. The common motivation of this extra term, in
passing from the original equation to the Itd type stochastic
differential equation, is related to the local irregularity of the
Brownian motion process. However, the necessity of the extra
term may be easily explained by considering that increments
dB(t) of a Brownian process B(t) are of the order (dr)l/2
(0(dB) = dt!/?).

Di Paola and Falsone [18-20] dealt with general non-
Gaussian, delta correlated processes, which also include
the Poisson impulse process; for the latter they proposed
a series of corrective terms in passing from the original
differential equation to the It6’s one. Since the response of
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such systems is framed into stochastic differential calculus, the
latter formulation has been susceptible of many interpretations
more or less in agreement. Intuitively, when dealing with
Poisson input, that is the formal derivative of a Compound
process C (t), characterized by having the expectations of order
dr (O(E[AC(t)]") = dt, (r = 1,2,...)), the corrective terms
should be present more naturally than the case of normal
white noise. Also because, reminding that the normal white
noise is a limiting case of Poisson input, one might wonder
how could the response for normal parametric white noise
be a limiting case of a Poissonian one, if not even one
corrective term is taken into account [21-36]. However, the
aforementioned system could be considered as a system driven
by several parametric impulses. This problem, framed in a
deterministic field, has been solved by a formulation, which has
been proved from a mathematical point of view [37—41]. Just
this formulation coalesces with that obtained from stochastic
differential calculus [18-20], and stresses the need of all these
corrective terms.

The aim of this paper is to get the same formulation
by using a different and simple methodology. The response
sample function or the response statistics of a system driven by
external white noise processes is completely defined. Starting
from this system driven by external white noise processes,
when an invertible nonlinear transformation is applied, the
transformed system in the new state variable is driven by a
parametric type excitation, that is the talking point. So this latter
system is artificial because it represents a tool to find out the
proper solution to solve systems driven by parametric white
noises. In fact, solving this new system, being the nonlinear
transformation invertible, we must pass from the solution of
the artificial system (driven by parametric noise) to that of the
original one (driven by external noise, that is known). So this is
a tool to verify if the solution provided for the system driven by
parametric white noises is definitely correct or not. Well, this
simple idea is developed throughout this paper, demonstrating
that the need for these corrective terms is apparent, otherwise
we cannot find the right solution coming back to the original
system. Moreover, it is shown that by using the classical
relationship between the probability density function (PDF) of
the response of the system driven by external white noise and
the PDF of the new state variable obtained by the nonlinear
transformation, the Fokker—Planck (FP) equation and the
Kolmogorov—Feller (KF) equation for the case of parametric
input are readily found. Since both FP and KF equations are
entirely deterministic, the presence of the corrective terms is
now unequivocal. Furthermore they will be developed in an
easy way to find out the solution in terms of moment, of
probabilistic density and characteristic functions, and since the
nonlinear transformation doesn’t appear at the end of writing
the evolution of function response in terms of moments, of
probabilistic density, of characteristic functions, these are the
probabilistic function descriptors of linear or nonlinear systems
driven by parametric Poisson input. Obviously the response for
systems driven by either external Poisson input, or normal white
noise are limiting cases of the previous one.

2. Nonlinear differential equations driven by external
Poisson white noise

In this section some preliminary well-known concepts on
the nonlinear differential equations driven by external Poisson
white noise are briefly summarized for clarity sake as well as to
introduce appropriate symbologies.

Let the equation of motion of a nonlinear half oscillator be
given in the form:

X(t) = f(X, 1)+ W,(t) (1

where W, (t) is a non-normal Poisson white noise process
characterized by having cumulants of order j, K ;[-] expressed
as [42]

Ki[Wp(t), Wy(2), ..., Wp(z))]
= AE[Z718(t1 — 0)8(t1 — 13) ... 8(t1 — 1)) )

being E[-] a stochastic average, é(-) the Dirac’s delta function,
A the mean number of impulses per unit time, Z a random
variable describing the impulse amplitudes occurring at random
times T'; the former and the latter are independent random
variables. In particular the distribution of Z is assigned and T
is distributed according to Poisson law. Explicit expression of
W, (t) is usually cast in the form:

N(1)
W)=Y Zis(t — To) 3)
k=1
where N () is the so called Poisson counting process giving the
total number of impulses in the time interval [0, 7) regardless
their amplitude and with initial condition N(0) = 0 with
probability one.
The Poisson process may be obtained as the formal
derivative of the so called Compound Poisson process C(t)
defined as:

N(t)

Ct)=)Y ZUE—Ty. )
k=1

U(t) being the unit step function. Increments of the
Compound Poisson process C () are mutually independent and
the probabilistic descriptors of dC(¢) are given as:

E[dCY (1)] = K,[dC(1)] = AE[Z/]dt. (5)
Eq. (1) may be transformed into an incremental form as:
dX (1) = f(X, t)dt +dC(1). (6)

Let (X (1), t), be any scalar real valued function of X and
t, continuously differentiable on ¢ and belonging to the class
Cso with respect to X, (the class of infinite times differentiable
on X), then the rule of differentiation of composite function is
given as:

do(X (1), 1) =

dp(X(®), 1) 4, 9K D, D)
ot X
n 2_8 p(X(@), 1)

A axr - @xY (7

i=2
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the presence of the summation at the right hand side of
Eq. (7) is explained by the observation that (dX ())/ contains
terms (dC (7))’ whose statistics are all of order dz (see Eq. (5)).

Properly selecting ¢(X(?), ), equations governing the
evolution of moments (¢(X,7) = X¥), or the equation of
the characteristic function (p(X,?) = exp(i¥X), being ¥ a
real parameter) may easily be obtained. In order to get these
equations we have to take into account that dC(¢) = C(¢t +
dr) — C(t) represents the future excitation that is independent
of the past history of the excitation and then the so called non-
anticipating property of Itd’s calculus holds true. That is, for
any nonlinear function p(X, ¢) of the response process X (),
E[p(X,)dC(1)*] = E[o(X, N]E[AC(1))"].

By inserting ¢(X, t) = exp(i? X) into Eq. (7), making the
stochastic average and dividing by d¢, the following equation in
terms of characteristic function is expressed in two equivalent
forms:

% = 0E[f(X,t)exp(id X)]
+rpx (0, 0)(9z (D) — 1) (8a)
W = IWEL[f(X, 1) exp(iv X)]
+A¢X(0t)§:£iD—E{ZQ (8b)

where ¢x(0,1) =
function (CF).

An inverse Fourier transform yields the two equivalent
expressions of the Kolmogorov—Feller (KF) equation governing
the evolution of the PDF px(x, ?):

Elexp(ivr X)] is just the characteristic

0 , 0
w = —(f(x, Dpx(x, D) = Apx (X, 1)
t 0x ~
+a / px(x — &, N pz(E)de (9a)
0 , 0
% = — (D px 1)

1]
+AZ( ) zfl—[px(x Dl ©b)

j=1

If A tends to infinity and at the same time AE[Y o keeps a
constant value say ¢, then the Poisson white noise reverts to
a Gaussian white noise Wy(¢), moreover dC (¢) reverts to the
increment of the Brownian motion B(¢) with intensity ¢», and
in differential rule (7) only the second term in the summation
at the r.h.s. must be retained since the order of dB(z) is (dr)!/2.
Then, in this case, if E[Z] = 0, the classical Fokker—Planck
equation is fully restored.

dpxtx, 1) ———(f(x D + LEPXED

ar 2 9x2 (10

3. Nonlinear transformation into stochastic differential
equation

As mentioned before, starting from a system driven by
external white noise processes, when an invertible nonlinear

transformation is applied, the transformed system in the new
state variable is driven by a parametric type excitation. So
this latter system is artificial because, throughout this paper,
it is used as a tool to find out the proper solution to elucidate
systems driven by parametric white noises. In fact, solving
this new system, being the nonlinear transformation invertible,
we must pass from the solution of the artificial system to
that of the original one (that is already known). This concept
is developed and the FP and KF equations for the case of
parametric excitation will be derived by means of nonlinear
transformation on SDE.

Now let us suppose that a new state variable Y () is
constructed as a nonlinear invertible transformation of the
stochastic response X (¢) of the SDE (1) as follows:

Y (1) = u(X(0); X(1) =v(Y (). (11a,b)

Being u(-) and v(-) deterministic nonlinear functions.
According to classical rules of derivative composite
functions Y (¢) may be written as:

Y(t) = X =G, X (12)

(X (@)
0X
where G(Y,t) is [du(X(¢))/0X] evaluated in X = v(Y).
By multiplying Eq. (1) by G(Y, ), the following differential

equation is easily found:

Y =F(, )+ G, OWy(1) (13)
where:
F(Y,t) =G, ) f(u(Y), 1). (14)

From Eq. (13) it is evident that, starting from SDE driven by
external load, when nonlinear transformation occurs, the new
SDE governing the evolution of the new state variable Y (¢) is
driven by a parametric type excitation.

3.1. Nonlinear transformation for a system with normal
excitation

It will be convenient to start from the system excited by
normal white noise and then examine the system under Poisson
white noise. If in Eq. (13) the driving process W,(¢) tends
towards a normal white noise Wy(z), as has been previously
stated in Eq. (7), the summation will be extended retaining only
two terms. Selecting ¢ (X (¢), 1) = u(X (1)) we get:

du(X (1)) = Z]] X o) ua(x(t))

j=1

dX (1))’ (15)

where dX (¢) is given in Eq. (6), in which dC (¢) is substituted
by dB(¢), and introducing the following relationships:

du(X(t))
X

PuX(®) GV,
ax2 34

u(X () = Y(1); =GV, 1) =G, 1);

(16)

G, t)=GP, 1
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into Eq. (15), it leads to:

dY(t) = F(Y,t)dt + G(Y, t)dB(t) + %G(Y, N(AB®)%. (17)

That exactly coalesces with the classical It6 equation
associated with Eq. (13) for the case of parametric normal white
noise. Moreover, in Eq. (17) the Wong—Zakai or Stratonovich
correction term explicitly appears. It will be emphasized that
since in Eq. (17) the nonlinear transformation does not appear
we may state that when we directly start from Eq. (13) the
differential rule associated with Eq. (13) (for W, (1) = Wy(t))
is that reported in Eq. (17).

The differential rule for any scalar real valued function
(Y, t) is written as:

dp(Y, 1) dp(Y, 1)

dr
ot + aY

19%p(Y, 1)

2 Y2
and by selecting ¢(Y,t) = exp(ivY), making stochastic
average, taking into account the nonanticipating property of

Itd calculus and dividing by df, the equation governing the
evolution of the CF is readily found:

do(Y, 1) = dy

(dr)? (18)

W = 0 E[F(Y, 1) exp(ivY)]dr
+LivE [G(y)aG(y) exp(iﬂY)]
2 ay
+ %2(119)212[02@) exp(ivY)] (19)

and then an inverse Fourier transform exactly restores the FP
equation for the case of parametric noise:

) 5 3G
P;t(y) =% (F(y,t)py(y) + %G(y)%m(”)
429°(pr ()G* )

+ (20)

2 ay?

Summing up: when a nonlinear transformation is applied in
a nonlinear system driven by external normal white noise, the
equation in the new state variable is driven by a parametric
white noise. By using the classical 1t6 rule given in Eq. (15)
we get the Itd differential equation in which the Wong—Zakai
or Stratonovich correction term explicitly appears, and the FP
equation for parametric normal white noise is obtained.

A different way for finding Eq. (20) may be pursued by
considering that since the two processes X (¢#) and Y(¢) are
related to each other by invertible nonlinear transformations the
fundamental relationship:

px(x)dx = py(y)dy 21

holds true. This equation is entirely deterministic and since
Y(t) = u(X(@®)); X(t) = v(Y(¢)), Eq. (21) may be rewritten
in the form:

px(x) = py(MNG(y) (22)

and then the following identities hold true:

apx(x) apy (y)
BT T (230
9 9
a—(f(x, Dpx(x)) = G(y)—(F(y,)py(y) (23b)
X ay
9 9
8—(px(x)) =G —(GYpy () (23¢)
X dy
92 9 9
ﬁ(px(x)) =G(y)— (G(y)—(G(y)py(y))> (23d)
X ay dy

By directly transforming Eq. (10) we exactly get the FP
equation for parametric white noise. The latter observation
is really important because Eqs. (21)—(23) are entirely
deterministic, no irregular stochastic processes like the white
noise appear and then it is evident that the equation for
parametric excitation may be simply obtained by the case of
external excitation. On this solid ground the extension to the
case of Poissonian white noise is immediate.

3.2. Nonlinear transformation for a system with Poisson
excitation

Let us start from Eq. (7) in which now all the terms have
to be retained because, according to Eq. (5) all power of
the statistics of the increment of the process C(¢) are all
infinitesimal and of the same order dz. We now perform the
nonlinear transformations given in Eq. (11) and we extend:
Eq. (16)

u(X (1) = Y(1); §§%2=¢Wnn=mxm
duX@) aGYUD(, 1) 0 24
~ = GY,n =691
X Y
into Eq. (15); extended to all terms, it leads to:
dy(t) = Z lGU)(Y, N(f(X, 1)dr +dC)/ . (25)
J!

j=1

By neglecting higher order terms than dr, the following
equation ruling the evolution of Y (¢) is obtained as:

o
1 . .
dY () = F(Y.ydt + ) —GV (¥, ncy. (26)
— j!
j=1
This equation exactly coincides with that proposed by Di
Paola and Falsone [18-20] on the basis of difference between
increments and differentials.
Looking at Eq. (26), some observations may be pointed out:

(1) In passing from Eq. (13) enforced by parametric impulses,
the incremental rule (15) gives a hierarchy of correction
terms;

(i1) since in Eq. (26) the nonlinear transformation does not
explicitly appear, then the rule in passing from Eq. (13)
to the rule (26) is always valid, also if the original system
with external excitation is unknown;
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(iii) all the terms in the summation (26) are of the same order
(dt), then they cannot be neglected;

(iv) if W, () — Wy(¢) that is the case of normal white noise
dC(t) — dB(¢) and then only the first two terms of the
summation (26) appear, and the second one coincides with
the Wong—Zakai or Stratonovich [13,14] correction term.

Once Eq. (26) is derived, the differential rule for any scalar
real valued function ¢ (Y, t) is written as:

00  nk
0 5 (¥, 1) ant

de(Y,t
oD =5 £ Yk

oY, t . 9k p(Y, ¢t
_ 99( )dt+z p¥, 1)

k
o gy

. k
G0 .
x (F(Y, na+y 2 ]jfy) (dC)J) .oen
j=1

It is worth remarking that if one leaves out the terms in the
summation (26) for j > 2 an entirely different and simpler rule
of differentiation of composite functions emerges.

By putting ¢(Y,t) = exp(ivY), the Eq. (27), neglecting
higher infinitesimals than d¢ specifies into:

o0
= it exp(i0Y)F (Y, )dt + Y _(i)"
k=1

0 k
x <Z G ]J.(Y) (dC)J) exp(ivY) (28)

j=1

dexp(ivY)

making stochastic average and using the non-anticipating
property:

dgy (9, 1) = i0 E[exp(0Y) F(Y, 0)]dt + Y (i)
k=1

k
Dy
x E | exp(i9Y) <Z G /]( )(dC)J> (29)

j=1

performing the stochastic average in the second term of right
hand side of Eq. (29) is a very hard task. In order to obtain
explicit expression it should be stressed that since the processes
X (t) and Y (¢) are related to each another by invertible nonlinear
transformations the fundamental relationship (21) remains
valid.

Since Y (t) = u(X (1)), X(¢t) = v(Y (¢)), it may be rewritten
Eq. (21) in the form:

px(x) = pyr(MG() (30)
and then
px(x) _ — Gl )3PY(y)

ot

9 3 @D
a—(f(X, Hpx(x)) =Gy)—(F(,0)py(y))
x ay

3k
W(PX(X)) =G(y)6[GW), {pr(M}]. (32)

The operator at the right hand side of Eq. (32) is given as:

G, {py M}]

0 0
=13 (G(y)— <G(y)~-—(G(y)py(y))>> . (33)
y dy
k—fold
Taking into account Egs. (30), (33) and (9b) the

Kolmogorov—Feller equation extended to the case of parametric
type excitation is obtained simply:

opr(y) _ 9
T ay(F(y,t)py(y))

+/\;( k!) OIGH), {py MHENDF].  (34)

It coincides with the equation proposed in [24] and obtained
starting directly from Eq. (6) and making an inverse Fourier
transform of Eq. (29) with lengthy manipulations. It should
be remarked that since in Eq. (34) no explicit dependence
on the original nonlinear transformation is present, it may be
stated that the Kolmogorov—Feller equation for parametric type
excitation associated with a differential equation of the form
Y = F(Y,1) + G¥,1) W, (t) may be given by Eq. (34).
On the other hand, in some papers, [34,35] when parametric
type excitation appears the rule of differentiation of composite
function used has been treated simply by writing the SDE in
terms of increment in the form:

dY(t) = F(Y, t)dr + G(Y, 1)dC(t) 35)

that is neglecting the terms ) 72, G/(¥,1)(dC)/ /j!; using
Eq. (27) the differential equation (29) reduces to:

Ay (9, 1)

o = i E[exp(ivY)F(Y, 1)]

k
+/\Z( %) E[ZME[exp(idY)(G(Y))] (36)

and the Kolmogorov—Feller equation, using Eq. (35) for
increments is then rewritten as:

opy ()
dt

9
= —a—(F(y, Hpy ()

o0 ( l)k ak '
Z G py(y, DIENZ)"].  (37)

That is entirely different from Eq. (34). However, if Eq. (37)
is used, starting from a SDE driven by external input making
the nonlinear transformation described above, then px (x)dx #
py (y)dy and consequently the correspondent results obtained
by Eq. (37) are incorrect.

Moreover, if W, (1) — Wy(t) using Eq. (34) the classical
FPK is restored, and we use Eq. (37), the Wong—Zakai
correction term disappears and this is meaningless.
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4. Moment equation approach

Previous sections have dealt with the response statistics of
a system driven by parametric white noises either normal or
Poissonian. However, it is also important to provide response
statistics through the moment equation approach. In order to
use this for investigating external Poisson pulses, (Eq. (1)) two
different strategies may be pursued. The first one involves the
differential rule (7) by putting ¢(X, ) = X*(¢); by so doing
the differential equation governing the evolution of E[X*] may
easily be obtained in the form:

E[X*] = kE[X* ' f(x, D]

k .
j=1 I

(38)

This is a linear set of a differential equation in the unknown
moments. The problem of moments is connected with the fact
that the means E[X*~! f(x, )] are still unknown but they
may be computed if the CF or PDF is known. In the case
of polynomial nonlinearities that is f(x,?) = Z;zl a ij s
Eq. (38) constitutes an infinite hierarchy in the sense that in
the moment equation of order k, moments of order E[X ktr—1
appear and then, unless the case is of » = 1 linear case,
higher order moments appear that require some closure for
approximate solutions.

The second way is to consider the nonlinear transformation
Xk = Y, averaging Eq. (26); the first order moment of
Y is simply obtained, and may be seen to coincide with
Eq. (38). It should be stressed that in passing between ¥ =
FY,t) + G(Y,t)Wp(¢) and dY (¢) if the latter is taken as
dY(t) = F(¥,t)dt + G(Y,1)dC(¢), that is by neglecting in
the summation at the right hand side of Eq. (26) all the terms
with j > 2 (see e.g. [34,35]); then the moment equations
obtained directly by using the rule are valid for external
Poisson white noise and those obtained by making the nonlinear
transformation do not coincide. Such an example is:

X(0)=—pX@®)+ Wy(0);  (p>0) (39)

then the moment equations up to the fourth order, using the rule
(7), are:

E[X] = —pE[X]+ AE[Z] (402)
E[X*] = —2pE[X*] + 2 AE[X]E[Z] + AE[Z?] (40b)
E[X’] = —3pE[X’]+ 3LE[X?)E[Z]

+3AE[X]E[Z?] + AE[Z?] (40c)

E[X*Y = —4pE[X*]1 + 4AE[X’|E[Z] + 6ALE[X*|E[Z*]
+40E[X)E[Z] + AE[Z"]. (40d)

Now considering the nonlinear transformation ¥ = X 2 then
X =Y2, G(Y) =2JY, F(Y) = —2pY and the parametric
differential equation ruling ¥ = X? is then:

Y(t) = —2pY (1) + 2VY W, (1). 1)

It follows that GV (Y) = 2JY; G@(Y) = 2; GY(Y) =
0; Vj > 2, and then the It6 differential equation connected with
Eq. (41) Becomes:

dY (1) = —2pY (t)dt + 2/YdC (1) + (dC(1))>. (42)

Making stochastic averages and dividing by dr the following
equation ruling the evolution of E[Y] is obtained:

E[Y]= —2pE[Y]+ 2AE[Y'2|E[Z] + AE[Z?] (43)

but E[Y] = E[X?] and then Eq. (43) exactly coincides with
Eq. (40b); it is worth noting that if Eq. (36) is used, that is
dY (1) = —=2pY (t)dr +2/YdC (), then making the average the
last term in the Eq. (43) disappears and E[Y] does not coincide
with E[X 2]. Moreover, for the solution X = —Y /2 it has been
obtained the same result.

For the case of Y = X3, X = Y1/3 then G(Y) = 3Y?%/3,
F(Y) = —=3pY. It follows that:

Y(t) = =3pY (1) + 3Y*PW,(1). (44)

The increment of this equation, according to the rule given
in Eq. (26) is written in the form:

dY (1) = —3pY ()dt + 3Y*3dC(r)
+3Y3dC@))? + dC@))>. (45)

By making the stochastic average and dividing by dr the
equation ruling the evolution of E[Y] = E [X3] is easily
obtained in the form:

E[Y(1)] = —3pE[Y]+ 3 E[Y*?|E[Z]
+3AE[Y'PE[Z%] + AE[Z7] (46)
that exactly coincides with Eq. (40c).

Moreover by putting ¥ = X* X =
4y3/4 F(Y) = —4pY. It follows that

Y4 then G(Y) =

Y(t) = —4pY (1) + 4734 W, (1). (47)

The increment of this equation, according to the rule given
in Eq. (26) is written in the form:

dY (t) = —4pY (1)dt + 4Y3/*dC (1) + 6Y'/2(dC(1))?
+4YV*dC(1))? + dC()*. (48)

By making the stochastic average and dividing by dr the
equation ruling the evolution of E[Y] = E[X 4] is written as:

E[Y(1)] = —4pE[Y]+ 4AE[YME[Z] + 6LE[Y?1E[Z?]
+4rE[YYME[Z3] + AE[ZY (49)

that exactly coincides with Eq. (40d). Moreover, for the solution
X = —Y /4, the same result has been obtained. However, this
may happen when starting from Eq. (41) and evaluating the
square value of ¥ = X2. As a conclusion of this section it may
be stated that in the case of multiplicative Poisson white noise
if the rule given in Eq. (26) is not applied, results in the form of
moments are totally wrong.



A. Pirrotta / Probabilistic Engineering Mechanics 22 (2007) 127-135 133

5. Some remarks on the direct integration of the response
to sample functions of parametric Poissonian white noise

In this section some elementary considerations on the
necessity of the summation given in Eq. (26) will be introduced.
In the case of Poissonian white noise input the general
expression for generating sample functions of such a process
is given in Eq. (3), then each sample function is constituted
by well-spaced impulses; then for Monte Carlo simulation two
independent random variables need to be generated: (times 7,
giving the instants whenever an impulse occurs and another
random variable Z indicates the intensity of the impulses). In
the case of external excitation we have to solve a differential
equation in the form:

N()

X()=fX.0+ Y Zis(t = To) (50)

k=1

supplemented by the initial condition. Let us suppose that in
the generic sample function, T;_; and 7} are two subsequent
instants at which an impulse occurs. Supposing that we know
the response immediately after the impulse occurrence Ty_1,
then during the time lag [T;_1, T¢] the forcing function is
always zero and the response may be easily obtained by
integrating the ordinary differential equation X (r) = f(X,1)
supplemented by the appropriate initial condition, that is the
system response immediately after the impulse occurrence
Ti—1. Then labelling 7,” = limg—o7T;—. and Tk+ =
limg_, ¢ Ti+, the time immediately before and after the new
impulse occurrence, all the responses up to 7, may be easily
found by integrating X@) = f(X,t) with initial condition
Tk+_1. At Ty an impulse occurs, then we have to solve the
differential equation:

X =fX, 0+ Zist = To); T7 <t <T (51)
and the response at T,:r is given as:
J(T) = X(T;") = X(T7) = Z (52)

That is, the response exhibits a jump J(7}) whose amplitude
is just the intensity of the impulse. It is worth noting that the
jump does not depend on f (X, #). The response immediately
after the impulse is simply X (Tk+) = X(T;) + Z, that is, in
the time interval [T} , T,:’] the differential equation may be put
in the form:

X(t) = Zi8(t — Te); V1 Th—e <t < Tieye. (53)

Let us now suppose that the nonlinear transformation is
made, then in the time interval [T}, Tk+] the equation becomes:

Y1) =G, 0Zk(t — Ti); V1 Tree <1 < Tige (54)

The crucial point is: what is the jump in the case of parametric
impulse? The response to this equation may be found in many
previous papers [37-41], here revisited in the light of the
nonlinear transformation seen before. Using the rule given in

Eq. (15) (extended to all terms) we get:

18 u(X)

T axg kUG~ T (55)

du(X) =
Jj=1
being U (-) the unit step function. Simply by taking into account

Egs. (22) and (23) and the fact that dU(t — T) = 1 if t > Tk
we obtain:

> Uy (T~ .
JY(T) =Y(TH - Y(T]) = Z #z{.
=1 ‘

(56)

That is, the correct prevision of the jump is given as a
numerical series in Eq. (26). Since in Eq. (26) the nonlinear
transformation equation does not explicitly appear (56) is valid
for the differential equation given in Eq. (54). In passing, we
note two crucial aspects:

(i) the exact jump prevision in this case depends on impulse
amplitude and on the value of G (Y) evaluated immediately
before the impulse occurrence;

(1) the series (56) is drastically different from other expression
available in the literature [36] but agrees with some cases
obtained with MATHEMATICA program in some cases
(seeeg. G(Y) =Y, G(Y) =Yk,

From consideration (i) it is obvious that since the only
quantities of interest for the correct evaluation of the jump are
the value of GU) (Y (T,,)) immediately before the impulse, the
non-anticipating property of Itd calculus is preserved.

As a conclusion of this section it is emphasized that,
when parametric impulsive processes occur (as in the case
of Poissonian, normal, Leévy white noise) then Monte Carlo
simulation has to be performed by properly integrating the
parametric impulse using the series (56). In the case of normal
white noise input, we generate sample function by subdividing
the time lag into small intervals say At/. At each individual
interval we put a spike whose area in the interval [T}, Ty + At]
is RpAtl/2 being R a realization of a normal random variable
with assigned variance. In this case Eq. (15), neglecting higher
order terms than Af;

Y (T + At) = Y (Ty) = f(Y(Ty)) At
2
+ %G(z)(Y, Ty) At. (57)

Also in this case the Wong—Zakai or Stratonovich correction
term comes out in a natural way.

6. Conclusions

In this paper a different perspective on the presence of
corrective terms of nonlinear stochastic differential equations
enforced by parametric type normal or non-normal Poisson
white noise has been introduced. The main idea is that
performing some invertible nonlinear transformation on a
stated variable of a nonlinear differential equation enforced
by external input, is transformed into the differential
equation governing the evolution of the new state variable
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in which parametric excitation appears. In the former
case no correction terms are necessary in order to derive
Fokker—Planck—Kolmogorov equation or Kolmogorov—Feller
equation. In the latter case, when dealing with normal white
noise, the drift term will be modified taking into account the
Wong—Zakai or Stratonovich correction term. The common
motivation of this extra term in passing from the original
equation to the Itd type stochastic differential equation, is
commonly related to the local irregularity of the Brownian
motion process. In this paper it has been shown that the
necessity of the extra term is related to the fact that the normal
white noise may be considered as an impulsive process whose
individual impulses are of the order of magnitude Az!/2.

In Poissonian white noise, well spaced impulses occur
randomly distributed in time according to Poisson law with
random amplitude. The problem is that for such systems,
at each impulse occurrence, if the system is parametric the
response exhibits a jump whose evaluation strongly influences
the results. Here it has been shown in a very easy way
using nonlinear transformation, that the jump prediction
requires a numerical series, taking into account that for
the first term results may be quite different depending on
the impulse amplitude as well as on the values of the
nonlinear parametric function evaluated before the impulse
occurrence. The numerical series for jump prevision at each
impulse occurrence agrees with some simple cases treated
with Mathematica program and has been numerically tested
for other cases always giving correct jump prevision. Once
the jump prevision is made all the stochastic differential
calculus for the case of parametric Poisson white noise may
be performed in a very easy way. In this paper, however, by
using nonlinear invertible transformation and assuming that
the mass of probability related intervals must be equal, the
Kolmogorov—Feller equation extended to the case of Poisson
white noise is immediately found to agree with previous
results available in the literature, but this is controversial.
In this paper the extension of Kolmogorov—Feller equation
is made always using deterministic concepts, starting from
the Kolmogorov—Feller equation for external Poisson white
noise. The main conclusion is that either working in terms
of probability or in terms of moments, or at least for single
impulses, in the case of parametric Poisson white noise if
no extra terms are included, then the results in terms of
probabilistic descriptors are incorrect.

Acknowledgements

The author is deeply grateful to Professor Mario Di Paola
for fruitful discussions. This work is partially supported
by a national research project coordinated by Professor
L. Gambarotta through grant 2002-2003 prot. 2001088317.

References

[1] Arnold L. Stochastic differential equations: theory and applications. New
York (NY): John Wiley and Sons; 1974.
[2] Doob JL. Stochastic processes. New York; 1953.

[3] Gardiner CW. Handbook of stochastic methods. Berlin: Springer-Verlag;
1985.

[4] Ibrahim RA. Parametric random vibration. Research Studies Press; 1985.

[5] Lutes LD, Sarkani S. Stochastic analysis of structural and mechanical
vibrations. Engewood Cliffs (NJ): Prentice-Hall; 1997.

[6] Grigoriu M. Applied non-Gaussian processes: Example theory, simula-
tion, linear random vibration and method solution. Engewood Cliffs (NJ):
Prentice-Hall; 1995.

[7] Sobczyk K. Stochastic differential equations. Kluwer Academic
Publishers; 1991.

[8] It6 K. On a formula concerning stochastic differentials. Nagoya
Mathematical Journal 1951;3:55-65.

[9] Roberts JB. System response random impulses. Journal of Sound and
Vibration 1972;24:23-34.

[10] Srinivasan SK, Subramanian R, Kumaraswany S. Response of linear
vibratory systems to non-stationary stochastic impulses. Journal of Sound
and Vibration 1976;6:169-79.

[11] Srinvasan SK. Stochastic integrals. SM Archives 1978;3:325-79.

[12] Iwankiewicz R, Nielsen SRK, Christensen P. Dynamic response of non-
linear systems to Poisson distributed pulse train: Markov approach.
In: Casciati F, Elishakoff I, Roberts JB, editors. Non-linear structural
systems under random condition. 1990. p. 223-8.

[13] Wong E, Zakai M. On the convergence of ordinary integrals to stochastic
integrals. Annals in Mathematical Statistics 1965;1560—4.

[14] Stratonovich RL. A new interpretation for stochastic integrals equation.
SIAM Journal on Control 1966;4:362-71.

[15] Gray AH, Caughey TK. A controversy in problems involving random
parametric excitation. Journal of Mathematics and Physics 1965;44:
288-96.

[16] Mortensen RE. Mathematical problems of modeling stochastic non-linear
dynamic systems. Journal of Statistical Physics 1969;1:271-96.

[17] To CWS. On dynamic systems distributed by random parametric
excitation. Journal of Sound and Vibration 1988;2:387-90.

[18] Di Paola M, Falsone G. Itd and Stratonovich integral for delta correlated
processes. Probabilistic Engineering Mechanics 1993;8:197-208.

[19] Di Paola M, Falsone G. Stochastic dynamics of non-linear systems driven
by non-normal delta correlated process. Journal of Applied Mechanics
1993;60:141-8.

[20] Di Paola M, Falsone G. Non-linear oscillators under parametric and
external pulses. Nonlinear Dynamics 1994;5:337-52.

[21] Lutes LD. Integral representations of increments of stochastic processes.
Meccanica 2003;3711:193-206.

[22] Lutes LD, Papadimitriou C. Direct derivation of response moment and
cumulant equations for non-linear stochastic problems. International
Journal of Nonlinear Mechanics 2000;35:817-35.

[23] Proppe C. The Wong—Zakai Theorem for dynamical systems with
parametric Poisson white noise excitation. International Journal of
Engineering Science 2002;40:1165-78.

[24] Di Paola M. Stochastic differential calculus. In: Dynamic motion: Chaotic
and stochastic behaviour. Vienna: Springer-Verlag; 1993. p. 29-92.

[25] Di Paola M. Linear systems excited by polynomials of filtered poisson
pulses. Journal of Applied Mechanics 1997;64:712-7.

[26] Casciati F, Di Paola M. Stochastic process models. In: Casciati F,
Roberts B, editors. Mathematical models for structural reliability analysis.
CRC mathematic modelling series, Boca Raton, New York, London,
Tokyo: CRC Press; 1996 [Chapter 1].

[27] Di Paola M, Vasta M. Stochastic integro-differential equation and
differential equations of nonlinear systems excited by parametric Poisson
pulses. International Journal of Nonlinear Mechanics 1997;32(5):855-62.

[28] Iwankiewicz R. Dynamical systems with multiplicative Poisson impulse
process excitation. In: Proceedings of iutam symposium on nonlinear
stochastic dynamics university of Illinois at Urbana-Champaign. 2002.

[29] Pirrotta A. Non-linear systems under delta correlated processes handled
by perturbation theory. Probabilistic Engineering Mechanics 1998;13(4):
283-90.

[30] Proppe C. Exact stationary probability density functions for non-linear
systems under Poisson white noise excitation. International Journal of
Non-Linear Mechanics 2003;38(4):557-64.



A. Pirrotta / Probabilistic Engineering Mechanics 22 (2007) 127-135 135

[31] Proppe C. Stochastic linearization of dynamical systems under parametric
Poisson white noise excitation. International Journal of Non-Linear
Mechanics 2003;38(4):543-55.

[32] Vasta M. Exact stationary solution for a class of nonlinear systems
driven by a non-normal delta correlated processes. International Journal
of Nonlinear Mechanics 1995;30(4):407-18.

[33] Iourtchenko DV. Response spectral density of linear systems with external
and parametric non-gaussian, delta correlated excitation. Probabilistic
Engineering Mechanics 2003;18:31-6.

[34] Hu SLJ. Closure on discussion by Di Paola, M, and Falsone, G, on
response of dynamic system excited by non-gaussian pulse processes.
ASCE Journal Engineering Mechanics 1994;120:2472—4.

[35] Grigoriu M. The Itd and Stratonovich integrals for Poisson stochastic
differential equations with Poisson white noise. Probabilistic Engineering
Mechanics 1998;93(3):175-82.

[36] Pandit SG, Deo SG. Differential systems involving impulses. Springer-
Verlag; 1982.

(371

[38]

[39]

[40]

[41]

[42]

Caddemi S, Di Paola M. Nonlinear system response for im-
pulsive parametric input. Journal of Applied Mechanics 1997;64:
642-648.

Caddemi S, Di Paola M. Ideal and physical white noise in stochastic
analysis. International Journal of Nonlinear Mechanics 1995;31(5):
581-90.

Di Paola M, Pirrotta A. Nonlinear systems under impulsive parametric
input. International Journal of Nonlinear Mechanics 1999;34:843-51.

Di Paola M, Pirrotta A. Stochastic differential equations of nonlinear
systems under normal and non-normal white noise input. In: Luongo A,
editor. Recent research developments in structural dynamics. 2003.
p. 55-79.

Pirrotta A. Non-linear systems under parametric white noise input: Digital
simulation and response. International Journal of Non-Linear Mechanics
2005;40:1088-101.

Stratonovich RL. Topics in the theory of random noise. New York: Gordon
and Breach; 1963.



	Multiplicative cases from additive cases: Extension of Kolmogorov--Feller equation to parametric Poisson white noise processes
	Introduction
	Nonlinear differential equations driven by external Poisson white noise
	Nonlinear transformation into stochastic differential equation
	Nonlinear transformation for a system with normal excitation
	Nonlinear transformation for a system with Poisson excitation

	Moment equation approach
	Some remarks on the direct integration of the response to sample functions of parametric Poissonian white noise
	Conclusions
	Acknowledgements
	References


