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1. Introduction

The study of differential equations in the complex domain is a consolidated field in the general
theory of differential equations [1-4]. The rigorous analysis of this type of differential equations
involves profound tools, including Nevanlinna theory [5] and the Painlevé transcendents [6]. Some
recent advances about equations in the complex domain also include difference and integral equations
and their strong relationship with differential equations [7].

The aim of this paper is to contribute to the analysis of complex differential equations with
uncertainties. According to [8, Sec. 4.7], we first point out that in the extant literature one mainly
distinguishes two classes of differential equations, namely, stochastic differential equations (SDEs)
[9,10], and random differential equations (RDEs) [11,12]. SDEs are those whose uncertainty is driven
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by a stochastic process having highly irregular trajectories (e.g., nowhere differentiable). In the case
that uncertainty is modelled by the Wiener process, they are termed It type SDEs. Solving this class of
SDEs requires using special tools as Itd calculus and, particularly, its cornerstone result, the so called
Itd6 lemma. The formulation of these equations can be motivated from its deterministic counterpart by
considering Gaussian perturbations of some model parameters, that may be affected by uncertainties.
SDEs have demonstrated to be useful tools to model some real-world problems, specifically in Finance
and Biology [13].

Complementary to SDEs, RDEs are those in which random effects are directly manifested in
their coefficients, initial/boundary conditions and/or source terms (hereinafter referred to as input
data), which are assumed to have a regular sample behaviour (e.g., differentiable) with respect to the
independent variable (usually time and/or space) [11,12].

As indicated in [8, p. 96], the techniques and tools required to rigorously analyze SDEs and RDEs
are distinctly different. Throughout this paper, we will deal with RDEs only. Despite the considerable
influence of RDEs [14], to the best of our knowledge, there are not previous studies dealing with these
equations in the case that their input data are complex random variables. So, as a first step, we here
deal with the simplest case corresponding to the non-homogeneous first-order linear RDE

7 (t; w) = a(w)z(t; w) + b(w), t>0, (1.1)

with initial condition
2(0; w) = zo(w). (1.2)

Here, the coefficient a(w), the non-homogeneous term, b(w), and the initial condition, zyp(w), are
assumed to be complex absolutely continuous random variables defined in a common complete
probability space (Q, F,P). So, it is important to observe that we are dealing with problem (1.1)—
(1.2) where the parameters are complex random variables and the solution is a complex stochastic
process parametrized with the real parameter ¢. Recall that a complex random variable, say x = x(w),
is defined as x : Q — C that can be written as x(w) = xp(w) + 1xc(w), where the real and the
imaginary (or complex) contributions, xz(w) and x¢(w), are real random variables, and i = V=1 is the
imaginary unit. In other words, any complex random variable can always be regarded as a pair whose
components are two random variables, the so-called real and the imaginary parts. As a consequence,
the distribution of any complex random variable can be considered as the joint distribution of two
real random variables [15]. For convenience, hereinafter we will utilize this representation. So,
the probabilistic information of a complex random variable is given by the joint probability density
function (PDF), frc(xg, xc), of the random vector (xz(w), xc(w)), [15-18]. Complex random variables
are applied in a number of disciplines, including information theory and digital signal processing [19].
Notice that, the full probabilistic analysis of the initial value problem (IVP) (1.1)—(1.2), where the
parameters of the first order differential equation and the initial condition are assumed to be real
absolutely continuous random variables, has been done in a previous contribution [20]. Further studies
about random ordinary differential equation on the real domain can be found in [11, 12].

For the sake of generality, in our subsequent analysis for the random IVP formulated in (1.1)—(1.2),
we will assume that the random vector

(2o(w), b(w), a(w)) = (2or(W), Zoc(W), br(W), be(w), ag(w), ac(w))
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has a joint PDF, fy(zor, 2oc, br, bc, agr, ac), 1.e. independence between input data, zo(w), a(w) and b(w)
is not assumed, including the real and complex parts of everyone of the foregoing random variables.
Obviously, here zo(w) = zpr(w) + 1Zpc(w), b(wW) = br(w) + ibc(w) and a(w) = ag(w) + iac(w).

As in the deterministic theory, a main goal when dealing with its random counterpart is to obtain
the solution of the random IVP (1.1)—(1.2). However, as in our context the solution, say z(#; w), is
a stochastic process (or random function), obtaining z(t; w) to the IVP (1.1)—(1.2) is not enough, so
one further needs to determine the main probabilistic properties of z(#; w), mainly the mean and the
variance. In the complex case, the mean of z(#; w) is defined as

(1) = Elz(t; w] = E[zz(t; w)] +1E[zc(t; w)], (1.3)

where E[-] denotes the expectation operator, and, zz(t; w) and z¢(¢; w) stands for the real and imaginary
parts of z(#; w), respectively. So, notice that the expectation of z(#; w) does not exist if the expectation
of its real or complex part do not. The mean function satisfies the following property

(1) = p(t), (1.4)

where, for w € C, w stands for the complex conjugate. Indeed,

Elz(t; w)] = Elzp(1; w)] + 1E[zc(t; w)] = Elzp(1; w)] = iE[zc(f; w)]
Elzr(t; w) — izc(t; w)] = Elz(t; w)] = p=(1).

(1)

Using property (1.4) and that |z(¢; w)|> = z(t; w)z(t; w), it is easy to check that the variance function can
be calculated by
o2(1) = Ellz(t; ) = (0] = Ellz(t; @)P] = (1) = 0. (1.5)

From this property, one can obtain the following representation of the variance function of a complex
stochastic process in terms of the variances of its real and complex parts (which are real stochastic
processes),
200 _ 2 2
o (1) = o, (1) + 0,.(D). (1.6)

As we shall see later, this formula will be more fruitful throughout our subsequent development To
prove (1.6), let us observe that

ol(r) = Ellzt; w) — (O] = Ellz(t; )] = ()
= Ellzr(t; w) + izc(t; 0)] — [Elzz(f; w) + ize(t; )]
= Elz(t; w)* + zc(t; w)*] - [Elzz(t; w)] + iE[zc(1; 0) ]I
= Elz(t; w)*] + Elzc(t; w)*] — (Elzr(t; 0)] + iElzc(t; w))(Elzz (t; )] — iE[zc(; 0)])
= Elzr(t; w)*] + Elzc(t; 0)*] = ((Elzr(t; w)])* + (Elzc(t; w)])?)
= (Elzz(t; w)*] — (Blzz(t; w)])?) + (Elzc(r; 0)*] = (Elzc(t; w)])?)
= ofR (1) + ofc (1).

In this paper, we will go a step further by determining an explicit expression of the first probability
density function (1-PDF) of the solution, fi(z;f). For each ¢, fi(z;t) is defined as the joint PDF
of the random vector (zz(t; w), zc(t; wW)), 1.e. fi(z;t) = fi(zr,zc;t). Notice that the 1-PDF of the
real and complex contributions, denoted by f]R (zg; 1) and flc (zc; 1), respectively, can be calculated by
marginalizing fi(zr, zc; t) as follows
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f]R(ZR;t):ffl(ZR’ZC;t)dZC’ flc(zC;t)=ff1(zR,zC;t)dzR- (1.7)
R R

Then, the expectations of the real stochastic processes zz(w; ) and z¢(w; t) are
Elzz(t; w)] = f Zrf1 (zrs 1) dzg, Elzc(f; w)] = f zeff (zc; 1) dzc. (1.8)
R R

Furthermore, thanks to the representation (1.6) of the variance a’f(t) of z(t; w), in terms of the
variances, ofR(t) and 0'5 (1), of the real random processes, zz(7; w) and z¢(#; w), respectively, we can see
that of(t) can also be calculated as

0'§(t) = ofR(t) + ofc(t)

El(zg = pz (D)1 + El(zc = e (1))°]

f (2R — oy (0 Rz 1 dzg + f (e - pe P [ ndze. D)
R R

The previous development clearly shows the importance of determining f,(zg, zc; ), that will be our
main goal henceforth. Apart from the mean and the variance, and similarly as it happens in the real
setting, the 1-PDF, fi(zg, zc; ), also permits calculating any one-dimensional moment of the random
stochastic process, z(f;w) at every time instant ¢, provided they exist. For ¢ = f fixed, the PDF,
f1(zr, zc; 1), allows us to calculate the probability that the solution at ¢ = 7 lies in any specific region,
say S ¢ R?, of interest

Pl{w € Q : (zz(f; ), 2c(f; w)) € S}] = f fi(zr, zc3 1) dzg dzc.
S
Finally, we also point out that f;(zg, z¢; ) can also be applied to construct confidence regions at any
confidence level 1 — a, with @ € (0, 1) and ¢ = 7 fixed. To this end, we look for £ > 0 such that

fz fi(zg, 2c; D) dzgdze = 1 — @, filzr,zc30) = £ (1.10)
R

Then, the confidence region is given by the interior points limited by the plane curve {(zz,z¢) € R? :
f1(zr, zc; 1) = £}. One typically takes a = 0.05, then f(zg, z¢c; f) = ¢ determines a set in the plane with
(1 —a) x 100 = 95% of confidence level.

To obtain an expression of the 1-PDF of the solution z(#; w), and also of the real and complex
contributions, we will extensively apply the Random Variable Transformation (RVT) technique. This
method is a very powerful technique which allows us to compute the PDF of a random vector that
results after transforming another random vector whose PDF is known [11,21-23].

Theorem 1 (Random Variable Transformation method, [11]). Let w(w) = (u(w),...,u,(w)) and
v(w) = (Vi(w),...,v(w)) be two n-dimensional absolutely continuous random vectors. Letr : R" —
R" be a one-to-one deterministic transformation of w into v, i.e., v = r(u). Assume that r is continuous
in u and has continuous partial derivatives with respect to u. Then, if fy(u) denotes the joint PDF
of vector w(w), and s = ™' = (5;(Vi,...,Vn)s...,S,(Vi,...,V,)) represents the inverse mapping of
r=(ri(uy,...,up),...,1r,(u1,...,u,)), the joint PDF of vector v(w) is given by

) = fus(v) |,
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where |J,,| is the absolute value of the Jacobian, which is defined by

aSI(Vl,...,Vn) asn(Vl,...,Vn)
(9v1 (?V]
J, :det(@) = det : :
M os1(vi,...,v,) 0s,(vi,...,vy)
ov, ov,

The paper is organized as follows. Section 2 is devoted to obtain the 1-PDF of the solution
stochastic process, z(f; w), to the random IVP (1.1)—(1.2). For sake of completeness, in Section 2,
explicit expressions for the 1-PDF for the real and imaginary components of the solution are also
determined. The study is divided into two cases for the sake of clarity, namely the so-called exponential
solution (Subsection 2.1) and the linear solution (Subsection 2.2). In Subsection 2.3, an analysis of the
probabilistic stability of the solution is discussed in terms of the densities. Section 3 is addressed
to illustrate the theoretical results obtained in Subsection 2 by means of several numerical examples.
Conclusions and future work are presented in Section 4.

2. Determining an explicit expression for the first probability density function of the solution
stochastic process

As it has been indicated in Section 1, a RDE in the complex domain is a natural generalization
of its deterministic counterpart. Therefore, for the first-order IVP (1.1)—(1.2), its solution is similarly
obtained as in the deterministic case [2, Sec. 5.1]

a(w)

. w e Q, (2.1
Z20(w) + b(w)t otherwise,

(s w) = { Zo(w)e® @’ + bw) (ea(w)t _ 1) if a(w) £ 0 wp. 1,

where, as usual, “w.p.” stands for “with probability”. Since a(w) is assumed to be an absolutely
continuous random variable, the first case (exponential solution) will happen w.p. 1, while the second
case correspond to the linear solution and it corresponds to the case that the random IVP whose RDE
is 7'(t; w) = b(w), w € Q. For the sake of clarity, henceforth, we separately study each case.

2.1. Exponential solution

In order to determine the 1-PDF of z(z; w), we first rewrite (2.1) in terms of the real and complex
parts of each random variable in (1.1), i.e. zor(w), Zoc(W), br(w), be(w), ag(w) and ac(w). From the
properties of complex numbers, in particular the Euler’s formula, e**"*¢ = e** (cos(x¢) + i sin(xc)),
after some algebra calculations, the real and complex components of z(¢; w) can be expressed as

R(t;w) = hy — hihs + hohg + h3zor — hazoc, (2.2)

Ze(t; w) = hy — hihy — hohs + hazog + h3zoc, (2.3)

AIMS Mathematics Volume 7, Issue 1, 1486—-1506.



1491

where

hy := hi(ar(w), ac(w), br(w), be(w))

hy = hy(ag(w), ac(w), br(w), be(w))

h3 := hy(ar(w), ac(w); 1)

hs = hy(ag(w), ac(w); 1)

_ClR(w)bR(w) + ac(w)bc(w)

ag(w)? + ac(w)?

b

_aR(w)bc(w) — ac(w)bg(w)

b

ag(w)? + ac(w)? (2.4)

e®@ cos(ac(w)t),

e“* @ sin(ac(w)t).

Let t > 0O fixed, we apply the RVT method to compute the PDF of the random vector v(w) =
(Vl((l)), VZ(C()), V3((U), V4((1)), V5(CU), V6((,())) = (ZR(t7 (,U), ZC(t; C()), (ZR(C()), aC(CU), bR((,l)), bc((,())) in terms Of
the known PDF of the (random) input data, fy(u), where w = (zor, Zoc, ar, ac, br, bc). First, for the
sake of clarity, we rewrite formulas (2.2) and (2.3) as follows

r(t; w) = g1(ar(w), ac(w), br(w), be(w); 1) + h3(ar(w), ac(w); t)zor — ha(ar(w), ac(w); Hzoc,

z2e(t; w) = gr(ar(w), ac(w), br(w), be(w); 1) + ha(ar(w), ac(w); Hzor + h3(ar(w), ac(w); Hzoc,

being

gi1(ar(w), ac(w), br(w), be(w); 1) := hy — hihs + hyhy,
g (ag(w), ac(w), br(w), be(w); 1) := hy — hihy — hohs,

and h;, i = 1,2,3,4, given in (2.4). Let us define the deterministic mapping r : R — R

v =r(u) = (zz(?), 2c(1), ag, ac, bg, be),

where zz(#) and z¢(¢) are given in (2.2) and (2.3), respectively. Isolating zoz and zoc (which appear in
the definitions of zz(¢) and z¢(¢)), the inverse of the mapping r, s : R® — R, is

Z0R

0c =

ar =
dc =
bR =
bc =

51(v)

52(V)

53(V)
54(V)
s5(v)
s6(V)

eZV} t

{h3(v3,va; (Vi — 81(V3, V4, V5, V65 1)) + ha(v3, va; D)(va — 82(V3, V4, Vs, V63 1))},

1
po {h3(v3, va; (V2 — 82(V3, V4, Vs, V65 1)) — ha(v3, va; )(vi — g1(V3, V4, Vs, V63 1))},

V3,
V4,
Vs,
Vg.

Denoting by I, the identity matrix of size 4, the Jacobian of the inverse mapping s = r™! is given by

0s 1

vy
J 6 — det

s 1

e
AIMS Mathematics

93
8\/1
o
(9\/6

= det

Osi 0%
6\/1 6\/1
Isi O
8\/2 (9\/’2

= det

hs hy
2vst T vt
esv3 e<V3
hy hs Floe™izo
eZV3t eZV3t
* I4
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Notice that we have used that h% +h3 = e*'. Then, applying the RVT technique (stated in Theorem 1),
the joint PDF of the random vector v(w), in terms of the PDF, fy(-), of the random input parameters,
u(w), 18

Fr ) = fo(s1(¥), $2(¥),v3,v4, V5, v6) 2. (2.5)

As, for each time instant ¢, we are interested in the PDF of the complex random variable z(t; w),
which is given by the joint PDF of the random vector (zz(#; ), zc(t; w)). So, it is obtained by
marginalizing the joint PDF, f,(v), given in formula (2.5), with respect to (v3(w), v4(w), vs(w), ve(w)) =
(ar(w), ac(w), br(w), be(w)),

)
o (V1 12) = f Jo(s1(¥), 52(¥), v3, V4, vs, v6) € dv3 dvy dvs dve.
R4

Then, taking ¢ > 0 arbitrary, the 1-PDF of the solution stochastic process, z(t; w), of the random IVP
(1.1)—(1.2) is

filzr,zc3t) = f4 fo(s1(zr 2c> A, ac, br, be), $2(zr, 205 ag, ac, br, be), ag, ac, bg, be) e dag dac dbg dbe.
R

(2.6)

Remark 1. Assuming independence between the complex RV zo(w), with PDF f. (zor,20c), and the
random vector (ag(w), ac(w), br(w), bc(w)), the 1-PDF given by the integral expression (2.6) can be
rewritten in terms of the expectation operator

. -2
fl(ZR’ ZC’ t) = E(dR,dC,bR,bC) |;fZ()(s1(ZR’ ZCvaRvaC’ bR’ bC)’ SZ(ZRa ZC’ aR’ aCa bRa bC))e aCt:I .

Notice that Eacppie) -] Stands  for the expectation with respect to the random
vector (agp(w), ac(w), br(w), bc(w)). Thus, taking samples of the random vector
(agr(w), ac(w), br(w), bc(w)), the 1-PDE  fi(zz,2c;t), can be approximated by computing the
mean of f,(s1(zr. Zc, g, ac, br, be), $2(zr, 2¢, ar, ac, b, be)) e=2 over all the samples. Recall that the
absolute error of the approximation decreases as 1/ VN, being N the number of simulations.

Remark 2. Recall that from expression (2.6), we can also calculate the 1-PDF of the real and complex
components, denoted by f[(zg; 1) and [ (zx; 1), respectively, as it was shown in (1.7).

2.2. Linear solution

In this case, the RDE writes
7(t,w) = blw), >0, w € Q. (2.7)
The solution stochastic process of the random IVP (2.7) and (1.2) is
2t w) = br(w)t + Zor(w) + 1 (be(W)! + Zoc(w)) - (2.8)

To compute the 1-PDF, fl(z; 1), of z(t; w), we first fix ¢ > 0, and then we will determine the PDF of the
random vector of the auxiliary random vector v(w) = (br(w)t + Zor(w), be(W)t + Zoc (W), br(w), be(w))

AIMS Mathematics Volume 7, Issue 1, 1486—-1506.
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in terms of the PDF of the random vector u(w) = (zpr(w), Zoc(w), br(w), bc(w)), denoted by fo(u) =
fo(zors zoc br, be). To this end, we define the following mapping

r:R* >R, v=ru)= (bpt + zor, bt + 2oc, b, be).
Denoting v = (vy, v,, v3, v4), then the inverse mapping s : R* — R* of r and its Jacobian, J,, are
S(V) = (vi = v3t,vp —vat,v3,vs), Jy=1.
Therefore, according to Theorem 1, the PDF of the random vector v(w) is

FV) = fo(vi — v3t, vy — vat, vz, va).

Since this argument is valid for any ¢, to obtain the 1-PDF of z(#; w), we marginalize with respect to the
random variables bg(w) and bc(w)

fi@0 = firzeit) = fz fo(zg = brt, zc — bct, br, be) dbg dbe. (2.9)
R
Remark 3. Assuming independence between the complex RVs zo(w) and b(w), the 1-PDF given by
the integral expression (2.9) can be rewritten in terms of the expectation operator with respect to the
random vector (bgr(w), be(w))

fizroze: ) = Ebr.be) [sz(ZR —brt,zc — bcl)] , (2.10)

where fzo(ZOR,ZOC) = fRz ﬁ)(ZOR,ZOC,bR,bc) dbg dbc. Expression (2.10) permits approximating the 1-
PDF via the Monte Carlo method by sampling the vector (bg(w), be(w)), w € Q.

2.3. Analysis of probabilistic stability

The study of stability of the solution stochastic process is presented for the exponential solution,
since in the linear case the solution tends to infinity when ¢t — oo. Otherwise, the solution is stable
only when P[{w € Q : b(w) = 0}] = 1. In such case, the equilibrium state is the initial condition,
7"(w) = zo(w), and the PDF of the equilibrium point is directly obtained via fy(zoz, Zoc)-

The stability of the exponential solution can be deduced from the expression of the solution
stochastic process z(f; w) = zx(t; w) + iz¢(t; w), where the real and complex contributions are given
in (2.2)—(2.4). We observe that the stability depends on the behaviour of the stochastic processes
h3(ag(w), ac(w); t) and hy(ag(w), ac(w);t). Let w € € be fixed, then

lim A;(ap(w), ac(w); 1) =0, i =3,4 — ar(w) <0,
t—o00

since it is the limit of an exponential times a bounded (trigonometric) function, and the exponential
tends to zero provided the exponent is negative. Then, as we are dealing with random variables, we
will have stability with a certain probability

p'=PlweQ : ar(w) <0]. (2.11)
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If the solution does not converge, it diverges oscillating, since the divergence depends on the real sine
and cosine trigonometric functions.

In case of stability, we observe that the distribution of the equilibrium point, which is a complex
random variable, z*(w) = zy(w) + iz, (w), 1s determined by the joint PDF of the random vector
(zp(w), zi-(w)) defined by

(zp(w), zc(w)) (hi(ar(w), ac(w), br(w), be(w)), ho(ag(w), ac(w), br(w), be(w)))

(_ br(w)ar(w) + be(w)ac(w)  be(w)ag(w) = br(w)ac(w) (2.12)
ar(W)? +acwy ar() +acwy |’

Now, we take advantage of RVT method (Theorem 1) to determine an exact expression for the joint
PDF of the equilibrium point given in (2.12). To this end, let us fix w € € and define

V() = (ag(w), ac(w), Zp(w), 2p(w)), W = (ar(w), ac(w), br(w), be(w)).

Letr : R* — R* be the deterministic mapping

_ _ o brag + bcac  bcag — brac
v =r() = (ag, ac, 2g, 2¢) = (AR, e, —————> >~
ay + ag ay + ag

The inverse mapping s : R* — R* is
(ag,ac,br,bc) = s(V) = (vi, V2, V2v4 — V1V3, =Vivg — V2V3) .
The Jacobian of s is J4 = v% + v% # 0. Therefore, the joint PDF of the random vector v(w) is
FoOV) = Fanacbrbe (V15 V2, Vavy — Vivs, =vivg — vav3) (V] + v3).

As we are interested in the joint PDF of the random vector (zj(w), z;-(w)), we marginalize the last
expression with respect to ag(w) and ac(w), then obtaining the desired PDF

* 2 2
f*(ZR’ ZZ‘) = fz f‘dR,ac,bR,bc (aR, ac, acZz - aRZ;, _aRZZ' - acZZ) (aR + ac) daR dac.
R

Notice that from the very beginning, we are assuming that we know the joint PDF, fy(:), of the
random vector (zop(w), Zoc(w), ar(w), ac(w), br(w), bc(w)). Then, the PDF of the random vector
(agr(w), ac(w), br(w), bc(w)) 1s the marginal of fy(-) with respect the random vector (zor(w), Zoc(w)).
As a consequence, the PDF of the equilibrium point finally writes

* 2 2
[ (@gs20) = f fo (zor» zocs @r, ac, Aczy — Arzp, —ARZ: — aczp) (ax + ag) dag dac dzor dzoe.  (2.13)
R4

Remark 4. 7o calculate the PDF of the equilibrium point, given by (2.13), the Monte Carlo method
can be applied under certain hypotheses. For example, assuming independence between the random
vectors (bg(w), be(w)) and (zor(w), zoc(w), ag(w), ac(w)), expression (2.13) can be rewritten as

2 2
f*(Zfe’ Z*C) = E(ZOR,ZOC,UR,HC) [fb (aCZz‘ - aRZ;F?’ _aRZz‘ - aCZ;}) (aR + ac)] .
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3. Numerical examples

In this section, the theoretical results established in Section 2 are applied in three numerical
examples. In the first example, statistical dependence between some input data is considered, while in
the second and in the third examples, we assume independence between all the input data. In all the
examples, after fixing of the probabilistic distributions of input data, we compute the 1-PDF, fi(z; 1),
of the solution stochastic process, z(t; w); the 1-PDFs, flR(zR; t) and flc(zc; 1), of the real and complex
contributions, zg(#; w) and z¢(f; w), respectively, as well as the mean and the variance of these stochastic
processes. In the examples, statistical quantities of interest such as the mean, variance and confidence
regions are also calculated in order to account for the probabilistic evolution of the solution over the
time. Finally, the probability of stability, p*, is also determined.

In the first numerical example, we have chosen an appropriate distribution of random variable ag(w)
to assure the solution is stable, w.p. 1, i.e. p* = 1. Therefore, in this example we show that the
mean and the variance of the solution tend to the one corresponding to the equilibrium state, which is
a random variable. In addition, for the sake of clarity, we show that the distributions of the real and
complex stochastic processes tend to the distribution of the real and complex components, respectively,
of the equilibrium as time increases.

In the second example, we have chosen the distribution of the random input a(w) so that 0 < p* <
is small. Therefore, the computations show that stability will not likely take place.

In the third example, we consider the linear solution, i.e. a(w) = 0 w.p. 1. The probabilistic analysis
corresponding to this case has been shown in Subsection 2.2. In this case, the solution stochastic
process is unstable. We will show this behaviour by means of the PDF of the solution and its main
statistics (mean, variance and confidence regions).

Finally, we point out that a wide range of probability distributions has been selected to carry out the
numerical experiments to better illustrate the applicability of the theoretical results.

3.1. Example 3.1

In this example, we consider that some input data are dependent random variables. In particular, we
have chosen the following probability distributions:

o (agr(w),ac(w)) follows an Uniform distribution on the rectangle [-10.1,-10] x [-0.5,0.5], i.e.,
(agr(w), ac(w)) ~ U ([-10.1,-10] x [-0.5,0.5]).

¢ (zor(w), zoc(w)) has a multivariate Gaussian distribution with mean u,, = (0,0) and variance-
covariance matrix

s - 0.02 0.002
©10.002 0.01

Then, (zor(w), zoc(w)) ~ N (kz, X))

e br(w) has a Triangular distribution on the interval [1.7,2.5] with mode at 2, i.e., br(w) ~
Tr([1.7,2.5],2).

e bc(w) has a Gamma distribution with shape and scale parameters 3 and 2, respectively, i.e.,
bc(w) ~ Ga(3;2).

In Figure 1, we show 3D graphical representations for the 1-PDF, fi(zg,zc;1?), at the time instants
t = 0.05 and r = 0.2. Calculations have been carried out from expression (2.6). Since ag lies in negative
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interval w.p. 1, then z(t; w) — (2x(w), Z-(w)) as t — oo, where, the equilibrium point (zx(w), Z-(w)),
given by (2.12), is asymptotically stable. In Figure 2, we have plotted the PDF of (zj(w), z;-(w)) using
(2.13). Comparing the plots shown in Figures 1 and 2, we can graphically observe that convergence
of PDF fi(zg,zc; 1) to fi(zg, 2¢) is fast. Finally, in Figure 3, we show the evolution of the mean of the
solution E[z(#; w)] (blue points) at different time instants, ¢ € {0,0.05, 0.1, 0.2}, together with 50% and
90% confidence regions. They have been computed by expressions (1.3) and (1.8) for the mean, and
(1.10) with @ = 0.5 and @ = 0.1 for the confidence regions (red and black solid curves, respectively).
The same statistics are also shown for the equilibrium point (zz(w), zi-(w)) (black point). We can
observe that both the mean and confidence regions of z(#; w) rapidly approximate the corresponding
ones (plotted by dashed curves) associated to (z(w), zi-(w)) as ¢ increases, thus illustrating stability. Itis
interesting to observe the full agreement between the shapes and scales of confidence regions observed
in Figure 3 at the time instants: # = 0.05 and Figure 1 (left panel); # = 0.2 and Figure 1 (right panel),
and ¢t = oo, corresponding to the equilibrium (Figure 2). We complete the graphical analysis by plotting
in Figure 4 the evolution of the PDF of the real component, f{(zg; 7) (left panel), and of the imaginary
component, flc(zR; t) (right panel), at the time instants ¢t € {0,0.05,0.1,0.15,0.2}, together with the
corresponding PDFs of the components of the equilibrium. From these plots we can graphically
confirm the stability, as expected. Again, it must be pointed out that the results shown in Figures
1-3 and in Figure 4 are in full agreement. In Figure 5 we show the expectation and the variance of
the real and complex parts of the solution stochastic process together with the corresponding statistics
of the equilibrium state. Observe that these graphical results completely agree with the ones shown in
Figure 4.

Zc 15/
1.0

0.0
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f1(2r,2c,0.05) & RN
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IR
A AV AT AV AvA Ay
R
\ AV, AY
W
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Yavy ) DO
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AV Y AV ey 4,
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Figure 1. 3D graphical representations for the 1-PDF, f(z; 1) := fi(zx, 2c; 1), of the solution
stochastic process z(f; w) at the time instants ¢t = 0.05 (left) and ¢ = 0.2 (right). Here, zz and
z¢ are the values for the real and complex components, respectively. Example 3.1.

3.2. Example 3.2

In this example we assume independence between all the input data. Specifically, we consider the
following probability distributions for each random variable:

e ap(w) has an Uniform distribution, defined on the interval [-0.02,0.4], ie., ag(w) ~
U([-0.02,0.4]).
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Figure 2. 3D graphical representation of the PDF, from expression (2.13), of the stable
equilibrium point (zx(w), z(w)), given in (2.12). Example 3.1.

_______

C e ————————————

—
‘m
o

05}

0.0 q

-0.4 -0.2 0.0 0.2 0.4

Figure 3. Expectation of the solution stochastic process, E [z(#;; w)] (blue points) and 50%
(red solid curve) and 90% (black solid curve) confidence regions are plotted at the time
instants ¢ € {0,0.05,0.1,0.2}. The same information has been plotted for the equilibrium
state (see the black point for the mean and the dashed curves for the confidence regions).
Axes are labelled with real (zg) and complex (z¢) components. Example 3.1.
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Figure 4. PDFs of the real component zz(w) (left) and of the complex component z¢-(w)
(right) of the solution stochastic process of the IVP (1.1)—(1.2) at the time instants ¢ €
{0,0.05,0.1,0.15,0.2}, as well as of the PDFs of the components of the equilibrium state.

Example 3.1.
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Figure 5. Expectation (left panels) and variance (right panels) of the real zz(#; w) and
complex z¢(#; w) parts of the solution stochastic process, z(; w), at the time interval [0, 0.4]
and of the equilibrium state (zj(w), z;(w)). Example 3.1.

AIMS Mathematics

Volume 7, Issue 1, 1486—-1506.



1499

¢ ac(w) has a Beta distribution with shape parameters 2 and 5, i.e., Be(2; 5).

e The real component of the initial condition has a triangular distribution with mode 0 and defined
on the interval [-0.2,0.1], i.e., zor(w) ~ T([-0.2,0.1]; 0).

e The complex component of the initial condition has a Gamma distribution with parameters 2 and
0.2, 1i.e., zoc(w) ~ Ga(2;0.2).

e The parameter bg(w) has a Gaussian distribution with mean —1 and standard deviation 0.01
truncated on the interval T = [-2, 0], i.e., bg(w) ~ N7(=1;0.01?).

® bc(w) is uniformly distributed on the interval [-2, —1.8], i.e., be(w) ~ U([-2, —1.8]).

Because of independence of input data, the joint PDF of them can be expressed as the product of
the corresponding marginals PDFs, i.e.

Jo(zor, 2ocs br, be, ag, ac) = Jeor(Zor) f20c(202) for (BR) [ (bc)faR (ar)fac(ac).

In Figure 6, we have plotted the 1-PDF of the solution stochastic process, fi(zr,zc;?), at the time
instants ¢+ = 0.5 and = 1.5. In Figure 7, we have represented the mean (blue points) and confidence
regions at 50% (red curves) and at 90% (blue curves) at the time instants ¢ € {0,0.5,1, 1.5,2}. From
this plot we can see that variability increases over the time. The PDFs of the real and imaginary
components, corresponding to the above time instants, are shown in Figure 8. Notice that the
aforementioned increasing of the variability as time goes on, is in full agreement with these graphical
representations. This feature indicates that in the long run the solution tends to become unstable.
Indeed, the probability of reaching stability can be exactly computed via (2.11)

0 0
p = f Jax(ar)dag = f 2dag = 0.04,

0.02

which is small. This situation is illustrated through the mean and the variance of the real and complex
components, which are shown in Figure 9. In Figure 10, the same statistics are shown over the larger
domain [0, 120].

8
6

fi(zr,2c,0.5) 4

-0.2

Figure 6. 3D graphical representations for the 1-PDF, fi(z; 1) := fi(zg, 2c; 1), of the solution
stochastic process z(#; w) at the time instants ¢ = 0.5 (left) and r = 1.5 (right). Here, zz and z¢
are the values for the real and complex components, respectively. Example 3.2.
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3 2 1 0 1

Zr
Figure 7. Expectation of the solution stochastic process, E [z(#;; w)] (blue points) and 50%
(red curve) and 90% (black curve) confidence regions are plotted at the time instants ¢ €
{0,0.5,1, 1.5,2}. Example 3.2.

7
fe(ze.t) i
f']R(ZR’t) 6.‘ ------ =0 I\ 1 5 : ‘I
______ = 5 — -1=05 _ | \ Bl
— -t=05 L t=1 o P
........ t=1 I\ 4; T =S l v.ol i
_____ t=1.5 3 |l — =2 l “
t=2 P \ i
ot )\‘“'7}.. Y j N RS
4 -3 —2 -1 1 %R 5 Zc

Figure 8. PDFs of the real component zz(w) (left) and of the imaginary component
Zc(w) (right) of the solution stochastic process of the IVP (1.1)—-(1.2) at the time instants
t€{0,0.5,1,1.5,2}. Example 3.2.
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Figure 9. Expectation (left) and variance (right) of the real (top) and imaginary (bottom)
components of the solution stochastic process, z(f; w), on the time interval [0, 2]. Example
3.2.
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Figure 10. Expectation (left) and variance (right) of the real (top) and imaginary (bottom)
components of the solution stochastic process, z(t; w), on the time interval [0, 120]. Example
3.2.
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3.3. Example 3.3

As previously indicated, in this example we shall assume that a(w) = 0 w.p. 1, so the linear
solution, given in (2.8), is considered. We will choose the same probability distributions as in Example
3.2 for the input data, which are also assumed to be independent. In Figure 11, we show 3D graphical
representation of the 1-PDF of the solution process, fi(zr,zc;t) at the time instants ¢ = 2 (left) and
t = 10 (right). We can see that the PDF moves the coordinates of its real and imaginary part towards
greater (in absolute value) numbers as times increases. This fact is consistently also observed in Figure
12, where the mean (blue points) and 50% (red curves) and 90% (black curves) confidence regions have
been plotted at the time instants € {0, 1, ..., 10}. From this plot we also observe that the variability
increases as t does. In Figure 13, the evolution of the PDFs of the real (left) and imaginary (right)
components of the solution over the aforementioned time instants are shown. Notice that the plots
are in full agreement with the ones shown in Figures 11 and 12. We complete the graphical analysis
showing, in Figure 14, the plots of the mean (left panels) and of the variance (right panels) of the real
and imaginary parts of the solution stochastic processes. It is clearly observed from these statistics that
the solution is unstable. Observe that it is in full agreement with the fact that this example corresponds
to the case termed “linear solution” (see Section 2.2) whose solution is a linear stochastic process (see
expression (2.8)) such that P[{w € Q : b(w) = 0}] # 1 (see also the discussion at the beginning of
Section 2.3), so the solution diverges as ¢ tends to infinite, i.e., is unstable.
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Figure 11. 1-PDF, fi(zz, zc; t), of the solution stochastic process z(#; w) at the time instants
t = 2 (left) and + = 10 (right). Here, zz and z¢ are the values for the real and complex
components, respectively. Example 3.3.
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Figure 12. Expectation of the solution stochastic process , E [z(#; w)] (blue points) and 50%
(red curves) and 90% (black curves) confidence regions are plotted at the time instants ¢ €
{0,1,...,10}. Axes are labelled by the real (zz) and complex (z¢) components. Example 3.3.
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Figure 13. PDFs of the real component zz(w) (left) and the complex component z¢-(w) (right)
of the solution SP of the IVP (1.1)—(1.2) at the time instants, ¢ € {0, 1, ..., 10}, in the context
of Example 3.3.
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Figure 14. Expectation (left panels) and variance (right panels) of the real zz(¢; w) and
complex z¢(; w) parts of the solution stochastic process, z(f; w), at the time interval [0, 10].
Example 3.3.

4. Conclusion

In this paper, we have performed a probabilistic study of first order linear differential equations
whose coefficients and the initial condition are complex random variables. The solution is a complex
valued stochastic process parametrized with respect to a real parameter (identified with the time as
usual). We have provided an exact expression for the probability density function of the solution
stochastic process under very general hypotheses on the model parameters. Furthermore, our study
has included a probabilistic analysis of the stability. Despite the simplicity of the differential equation,
to the best of our knowledge, this is the first contribution in this direction and the ideas exhibited
throughout the paper can open new avenues for studying other families of differential equations with
uncertainties.
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