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Abstract

We present a formula to calculate the probability density function to the solution of
the random linear transport equation in terms of the density functions of the velocity
and the initial condition. We also present an expression to the joint probability
density function of the solution in two different points. Our results have shown
good agreement with Monte Carlo simulations.
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1 Introduction

Uncertainties in data are natural in many models to real world problems that
use partial differential equations, specially in physical sciences. However, the
deterministic formulations have been traditional and convenient. Parameters
of differential equations are, in general, viewed as well defined local quanti-
ties that can be assigned at each point. In practice such parameters can, at
best, be measure at selected locations and interpretative procedures are used
at points where measurements are not available. Quite often the support of
measurements is uncertain and the data are corrupted by experimental and
interpretative errors. These errors and uncertainties render the random pa-
rameters and the corresponding stochastic differential equations.
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Once the statistical properties of relevant random parameters have been in-
ferred from data, the next step is to solve random differential equations. In
this paper we deal with the random linear transport equation,

Qi+AQ,=0, t>0, zeR,
Q(x,0) = Qo(x),

(1)

where the velocity, A, is a random variable and the initial condition, Qq(z),
is a random function.

The Monte Carlo method [1] have been widely used. This procedure entails
generating numerous equally likely random realization of the parameter fields,
solving the deterministic differential equation

G+aqg, =0, t>0, xekR,
(2)

q(x,0) = qo(z),

for each realization, and averaging the results to obtain the statistical mo-
ments. The solution to (2) is given by ¢(x,t) = go(x — at). In general, numer-
ical methods are used to solve the deterministic realization. The Monte Carlo
method has the advantage of applying to a very broad range of both linear
and nonlinear problems with complex geometry and boundary condition. How-
ever, numerical errors in solving the deterministic equations, statistical errors
in generating the realizations and the large number of realizations required
make this method impracticable in complex situations in two-dimensional or
three-dimensional problems.

The second approach includes the methods by which one seeks the statistical
moments of the solution. In this approach, the main effort is usually concen-
trated [2-4] on the derivation of appropriate differential equations for average
quantities using, in general, small perturbations with some kind of closure.

In recent years the polynomial chaos have been used as a complete basis to rep-
resent random processes in stochastic Galerkin projections, transforming the
stochastic equation in a set of deterministic equations (see [5,6], for instance,
and the references there in).

Although the complete solution of a random differential equation would be
the (joint) Probability Density Function (PDF), it is difficult to construct
differential equations to this function. In a PDF method the density function
is modeled, (in one point and one time), by evolution equations. As far as we
know only few fields have been developed PDF methods. For instance, much
progress has been made in studying turbulent flows [7].

In this paper, we present a semi-explicit expression for the PDF of the solution



to (1). The same ideas are also used to obtain the two-point joint PDF in terms
of the velocity and initial condition distributions. In Section 4 our approach
is compared with Monte Carlo simulations.

2 The Probability Density Function

Let U be a random variable with PDF given by fi;. [ts cumulative distribution
function is

Fy(u) = P(U < u) = /“OO fo(s)ds.

We begin with the random Riemann problem, a particular case of (1) in which
the initial condition is given by

L, z<0,
Qo(z) = { (3)
R, x>0,

with L and R being random variables. As shown in [8], under the natural
hypothesis of independence between the velocity and the initial condition, the
solution to (3) is

Q(x’t) :L+[R_L] B(l’/t), (4)
where B is the Bernoulli random variable with P(B(&) = 1) = Fa(&), where
P denotes the probability measure.

Following the same ideas we may show that, from (4),

Foan (@) = Fo(g;x,t) =P(Q(z,t) < q)
=P(Q(z,t) < q| B(x/t) = 0) P(B(z/t) = 0)+
P(Q(x,t) < q| B(z/t) =1) P(B(z/t) = 1)
=P(L < q) [1 = Fa(z/t)] + P(R < q) Fa(z/t)
=F1(q) + [Fr(q) — Fr(q)] Fa(z/t), (5)

where P(U | V') denotes the conditional probability of U given V', and F}, and
Fr are the cumulative distribution functions of the initial states. Similarly,
from (3),

Foow)(q) = Foo(¢:x) = Fr(q) + [Fr(q) — Fr(q)] H(x), (6)

where H(x) is the Heaviside (unitary) step function, i.e.,

1, if x >0,
H(z)=1{ (7)
0, if z < 0.



Using the definition of Fa(z/t) in (5), we have

Folg;2.1) = Fula) + [Fala) ~ Fu(a)) [~ fala) da

— Fi(a) + [Fa(a) = Fu(@)] [ fala) H(z — at) da
= [ 1a(@) {F1(0) + [Fr(o) = Fe(o)] H(w — at)} da

= /O:O fa(a) Fg,(q; x — at) da. (8)

Therefore, the differentiation with respect to ¢ gives the PDF,

fol@z,t) = [ fa(@) fo,(giw — at) da = Ealfo,(g:x = AD], (9

where E4 denotes the expected value relative to the random variable A. In
summary, the solution given by equation (4) to the random Riemann prob-
lem lead us to the expression of the PDF of the solution at a fixed (z,1):
equation (9) is mathematically attractive and stimulated us in showing that
it holds for the general initial condition case.

Proposition 1 The PDF of the solution to (1), at a fized (x,t), fo(q;z,t),
is given by (9).

PROOQOF. The concept of conditional probability will play a role in calculating
the cumulative probability function of Q(x,t), Fp(g; x,t), for a fixed (z,t). In
fact, by the Law of Total Probability [9] we can write

Folg;z,t) = P(Q(x,1) < q) = Ex, [P(Q(z,1) < q | Xo)], (10)

where X is the random function given by Xo(x,t) = x — At. By the charac-
teristic method we observe that Q(x,t) < ¢ given that X, = x¢ is equivalent
to Qo(zg) < q. Thus,

Folg;w,t) = /OOP(QO(OCO) < q) fxo(wo) dzg = /Oo Foo (43 0) fxo(20) dao,
(11)
where F, (q; zo) is the cumulative probability function of Qq(xo) given in (1).
Taking the derivative with respect to ¢, we have

folgiat) = [ faolaiwo) fxo(o) dro. (12)
To find the PDF for X, we use the fact that

Fx,(xg) =Pr — At < a9) =P(A> (x —x9)/t) =1 — Fa((x — x0)/t). (13)



Differentiating (13) with respect to zy we arrive at

o a0) = - (0) = 7 al (o = 20) 1), (1)

Then, substituting (14) in (12), we obtain

falasst) = [ F1alle = 0)/1) fougs0) d

— /_O:o fala) fo,(g; — at) da, (15)

and the result follows. O

From Proposition (1) it follows that the m-th moment, p™(z,t), m > 1, of
the solution to (1) is given by

p" () —/O:qu folq;z,t) dCI—/_O:o qm/_o:ofA(a) fao(q; 2 — at) da dgq

= [ @) [ a" faulaiw —at)dgda= [ fa(a) pg(a — at) da,
(16)

where u{'(x) is the m-th moment of Qo(x). Therefore,

p" (2, t) = Ealpg' (z — At)]. (17)

3 The Joint Probability Density Function

Let @1 = Q(x,t) and Q2 = Q(y,7) be the random solutions to (1) at (x,t)
and (y,7) (t,7 > 0), respectively. In this section we study the joint cumulative
distribution of @y and Qa, F(q1, ¢2; 2, t,y, 7), defined by

FQ(qlqu;x7t7yJT) - P(Ql S q1, QQ S Q2)
=Ex,v[P(Q1 < q1, Q2 < ¢ | Xo, Y0)], (18)

where, again, we have used the Law of Total Probability [9]. Here, X, and Yy are
the random functions Xy(z,t) = 2 — At and Yy(y, 7) = y — A7. For simplicity,
we use for the joint distribution, Fy, the same notation as in the previous
section; the difference in the number of arguments of each one makes the
context clear. The same notation will be used for the joint distribution related
to Qp. Following the ideas in Proposition 1, by the characteristic method, @)1 <
¢1 and @2 < g9 given that Xy = zp and Yy = yo is equivalent to Qo(zo) < ¢1



and Qo(yo) < g2, where Qg is the initial condition in (1). Therefore, from (18)

Fo(qi,q252,t,y,7) / / P(Qo(zo) < a1, Qo(yo) < @2) fxo,v (%0, Yo) dxodyo

- [ [ Fa, (q1, 925 %0, Yo) Ix0.Yo (0, Yo) dzodyo, (19)

where fx, v, (%0, yo) is the joint PDF of X, and Yy, and Fg,(q1, ¢2; To, Yo) is the
joint cumulative probability function of Qo(zo) and Qo(yo), which is assumed
to be known. Taking the second-order mixed derivative in the above equation,
we arrive at

f@(ql,qm:@,t,yﬁ):/_ /_ fao (a1, @25 o, Yo) fxo.vo(To, Yo) dxodyo.  (20)

To determine the joint PDF, fx,y,, we start with,

Fxo v, (20, 90) = P(Xo < o, Yo < yo) = P(x — At <z, y — AT < )
P(AZ(z—x)/t, A= (y—y)/T)
P(AZ=m)=1-Fa(m), (21)

where
m = max {(z — x0)t, (y —yo)/7} = max{u,v}, (22)

with u = (x — x0)/t and v = (y — yo)/7. In the sense of distributions we have
that

8m (9m
%:H(u—v), and %:H@}—U), (23>

where H is given by (7). Moreover, the derivative of H is the Dirac (delta)
distribution, i.e., H' () = 6(ar). Consequently,

om Om Ou 1

2 T 2 T H(u—

8.770 ou 8$0 (u U)’

om Om Ov 1

%_%-a—yo_—;[l—]{(u—v)]a and
9*m 1

81/0(93:0
Finally, taking the second-order mixed derivative in (21), we find

TEam) _ L m)au—v) = L fa(wia ), (25)

on,Yo («'150790) - = ayoaxo tr



since g(a)d(a) = g(0)d(). Substituting this expression in (20) we obtain

1 (oo foo
fQ(Q1>Q2;x,tayaT) = E/—oo /_Oo fQO(Q1,Q2;xO,yO) fa(u) 6(u —v) dzodyg
:[ [ foo(qr, q2; ¢ —at,y — b7) fa(a) 0(a —b) da db

= /_o:o fQ0<Q17QQ;$ - atvy - aT) fA<a> da
= Ealfo,(q1,q2; 2 — Aty — AT)]. (26)

These arguments show the following result:

Proposition 2 Let Q1 = Q(x,t) and Q2 = Q(y,T) be the random solution
to (1) at (z,t) and (y,7) (t,7 > 0), respectively. The joint PDF of these
random variables is given by

fQ<Q1,C]2§$,t,Z/>T) = EA[fQo(q1>q2;x - At?Z/ - AT)] (27>

In view of Propositions (1) and (2), it follows that the covariance of the solution
to (1) at (z,t) and (y,7) (¢,7 > 0) is given by

CovlQ(z, 1), Qy,7)] = E[Q(z,t) Qy, 7)] — E[Q(,t)] E[Q(y, T)]
= EA[Cov(Qo(x — At), Qo(y — AT))]
— Ealpo(z — At)] Ealpo(y — AT)]. (28)

4 Numerical Experiments

We have done several computational experiments to validate our approach,
and to show the influence of the velocity averaging process in transport dif-
ferential equations. Some numerical results are presented in this section. We
have also considered a simplified version of (1), taking E[A] as the velocity. In
this case, the random initial condition is transported along the characteristic
x = zo + E[A] t. In our experiments, we used this simplified version to show
the influence of considering the variability of random velocities in transport
equations.

Example 1: The main purpose of this example is to validate our approach
with the Monte Carlo method. In the computations the random initial condi-
tion, Qo (), is normally distributed with E[Qo(z)] = 0.5 exp(—102?) and an ex-
ponentially decaying covariance function, Covg,(z,y) = o2 exp (—|z — y|/f3).
The covariance function is parameterized by the variance, Var[Qo(z)] = o2
(which is assumed to be constant), and by the correlation length, 8 > 0,

which governs the decay rate of the time correlation. In the tests we used



o9 = 0.4 and § = 2. In the Figures 1-3 we depict the results of using ex-
pression (15) to calculate fg(q;x, 1) with different velocity distributions, and
compare them with Monte Carlo simulations. As is well known, the Monte
Carlo method is based on the relative frequency approach of probability. Us-
ing the exact solution to (2) on 100 000 realizations, we computed the PDF
at point (x,1). The characteristics crossing (z,1) emanate from Xy =z — A
and, following our approach, fg(q;x,1) is the expectation of fo,(¢;z — A),
ie., Ealfg,(¢;x — A)]. As pointed out below, we also plot in each experi-
ment the distribution fg,(¢;x — E[A]). We chose two representative values of
x for each velocity distribution. With these information the figures show the
effect of averaging the initial conditions caused by considering the velocity
A as a random variable. In Figure 1 the velocity has a normal distribution,
A ~ N(0.1,0.4); in Figure 2 the velocity is a log-normal random variable,
A =exp (§), with £ ~ N(0.1,0.3); and Figure 3 corresponds to a velocity with
uniform distribution in the interval [—0.25, 0.25].

From the experiments we also observe that the shape of the PDF’s, fq, is
strongly dominated by the initial condition distribution, fq,, which, in our
case, is a normal distribution.

Example 2: In this example we take other PDF’s for the velocity and initial
condition. Figures 4 and 5 show the PDF’s for a Cauchy distribution of velocity
A,
fala) = exp{=2|a —p|}, p=E[A] =1,

and two different distributions for the initial condition @)y. In Figure 4 we
depict the results for )y with the same Cauchy distribution as A, but with
mean u(z) = |z|/2. The expectations m'(z) for fo,(q;x — E[A]), and p'(z)
for fo(g;x,1) are m*(0) = 0.50, p*(0) = 0.53, m'(1) = 0.00 and p'(1) = 0.25.
Figure 5 shows the results for a uniform distribution of )y in the interval
[n(z) — 1, p(z) + 1] with the same p as in the previous case. The expectations
are m!'(—2) = 1.54, p'(—2) = 1.50, m!'(1) = 0.00 and p'(1) = 0.25.

5 Conclusions

New formulas (15), (17), (27), and (28) were deduced from basic concepts
of probability theory and the characteristic method for differential equations.
With numerical integration of the data distributions they are a very simple,
and stable, way to calculate the usual measures of statistical properties of
the solution to (1), the moments. We point the following advantages of our
approach: we do not need differential equations to the statistical moments,
the effective equations; the PDF may be calculated in a particular point (z, t)
without the knowledge of the solution at other points but the initial condition;
boundary conditions may be included easily since our methodology is strongly



supported by the characteristic method. Besides the mathematical arguments
used to show our results, Monte Carlo simulations have shown a very good
agreement with our expressions.
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Fig. 1. PDF’s of the solution for a normal distribution of velocity A and a normal dis-
tribution of the initial condition: exact fg(g;x,1) (solid line), simulated fg(q;z, 1)
(circles), and averaged fg,(¢; x — E[A]) (dashed line).

Fig. 2. PDF’s of the solution for a log-normal distribution of velocity A and a
normal distribution of the initial condition: exact fg(g;x,1) (solid line), simulated
fo(g;z,1) (circles), and averaged fg,(q;x — E[A]) (dashed line).
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Fig. 3. PDF’s of the solution for a uniform distribution of velocity A and a nor-
mal distribution of the initial condition: exact fgo(g;x,1) (solid line), simulated
fo(g;z, 1) (circles), and averaged fg,(q;x — E[A]) (dashed line).
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Fig. 4. PDF’s of the solution for a Cauchy distribution of velocity A and a Cauchy
distribution of the initial condition: exact fg(g;x,1) (solid line) and averaged
foo(q; z — E[A]) (dashed line).
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Fig. 5. PDF’s of the solution for a Cauchy distribution of velocity A and a uni-
form distribution of the initial condition: exact fg(q;x,1) (solid line) and averaged
foo(q; x — E[A]) (dashed line).
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