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Numerical solvers for large systems of ordinary
differential equations based on the stochastic direct
simulation method improved by the Picard and
Runge—Kutta principles

Flavius Guiag

Abstract— We present a numerical scheme for approximating
solutions of large systems of ordinary differential equations which
at its core employs a stochastic component. The approach used
for this level is called stochastic direct simulation method and is
based on path simulations of suitable Markov jump processes. It is
efficient especially for large systems with a sparse incidence matrix,
the most typical application being spatially discretized partial
differential equations, for example by finite differences. Due to its
explicit character, this method is easy to implement and can serve as
a predictor for improved approximations. One possibility to reach
this is by the Picard principle. Since we have simulated a full path
of the corresponding Markov jump process, we can obtain more
precise values by using Picard—iterations over small time intervals.
This requires the computation of integrals of step—functions, which
can be performed explicitly. A further way to increase the precision
of the direct simulation method is to use a Runge—Kutta principle.
In contrast to the Picard—scheme, here one integrates a polynomial
function which interpolates either the values of the original jump
process, or the values improved by the Picard iterations, at some
equidistant points in the time discretization interval. These integrals
can be computed by a proper quadrature formula from the Newton—
Cotes family, which is also used in the standard deterministic
Runge—Kutta schemes. However, the intermediate values which are
plugged into the quadrature formulae are computed in our method
by stochastic simulation, possibly followed by a Picard iteration,
while in the usual Runge—Kutta methods one uses the well-known
Butcher—tableau. We also introduce a time—adaptive version of the
stochastic Runge—Kutta scheme. Here we do not take fixed time
intervals, but a fixed number of jumps of the underlying process.
Depending on the scheme, we may consider intermediate points
after the half of this number of jumps. Since in this case the points
are not necessarily equidistant in time, we have to compute the
corresponding interpolation polynomial and its integral exactly. If
high precision is required, this adaptive variant of the stochastic
Runge—Kutta method combined with Picard—iterations turns out
to be the most effective if compared to the other methods from
this family. We illustrate the features of all considered schemes
at a standard benchmark problem, a reaction—diffusion equation
modeling a combustion process in one space dimension (1D) and
two space dimensions (2D).
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I. INTRODUCTION

Consider n-dimensional autonomous systems of ordinary
differential equations (ODEs) X = F(X), F = (F;),
written in an integral form on a small time interval:

t+h
X(t+h) = X(t) +/t F(X(s))ds.

The value X (t) ~ X (t) is assumed to be computed by a
certain numerical scheme and the goal is now to determine
a value X (t+h) which approximates the solution at the next
point of the time discretization grid. If we have computed
a predictor X (s) on the whole interval [t,¢,+h], then one
can in principle obtain a better approximation result by
performing a Picard—iteration:

t+h
X(t+h) :X(t)Jr/ F(X(s))ds. (1)

In our approach we compute the predictor X (s) by the
stochastic direct simulation method (see also [2], [3], [4],
[5]) as a path of an appropriate Markov jump process, in
which at every jump only one component of the process is
changed with a fixed increment (£1/N). The steps of this
method are the following:

1) Given the state vector X(s) of the
Markov process at time s:

Choose a component % with probability
proportional to |F;(X)|.

The random waiting time 0t is expo-
nentially distributed with parameter
A= NZ;;l\Fj(Xﬂ: 0t = —logU/X\, where U
is a uniformly distributed RV on (0,1).
Update the value of the time wvariable:
s=s+dt.

Update the value of the sampled
component: X;— X; + %szgn(Fl(X)) .
Update the values Fj(X) for all j for
which Fj;(X) depends on the sampled
component %.

7) GOTO 1.

We note that the larger N or the larger the absolute values
of the r.h.s. of the equations, the smaller the random time
step between two jumps. This implies an automatic time—
adaption of the scheme which computes the predictor X (s)

2)

3)

4)
5)

6)
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by direct simulation. The result of this simple algorithm is a
vector—valued step—function which, if we let the magnitude
of the jumps being sufficiently small, is a decent approxima-
tion for the exact solution. Rigorous results concerning the
stochastic convergence of Markov jump processes towards
solutions of ODEs were proved in [1], and [7], while [4]
formulates the convergence result for this particular scheme.

Having computed this jump process, the integral in the
Picard—iteration step (1) can be computed exactly (to be
precise, it can be updated at every jump of X (s)) and so we
obtain an improved approximation X (t+h) = X (t+h). For
each component j of the system we define the quantities:
Ii(s) = [/ F;(X(u))du and 7; as the last time moment
when I; was changed due to a jump of a component

which influences the term F};(X(s)). The algorithm based
on Markov jump processes using Picard iterations can be
then described as follows:

1
2)

Given the state vector X(s) of the
Markov process at time s:

Choose a component ¢ with probability
proportional to |F;(X)|.

The random waiting time 6t is expo-
nentially distributed with parameter
A= NZ?zl |F;(X)|: 0t = —logU/X, where U
is a uniformly distributed RV on (0,1).
Update the value of the time variable:
s=s+dt.

Update the Picard-integrals:

Ij = Ij 4+ (s—7;)Fj(X) and set 7; =s, for all
j for which Fj(X) depends on the sampled
component 1.

Update the value of the sampled
component: X; — X; + % sign(Fi(X)).

Update the values of F;j(X) for all j

for which F;(X) depends on the sampled
component 7.

Counter=Counter+l;

if (Counter=M) Picard-Iteration();

GOTO 1.

3)

4)

5)

6)

7

8)
9)
10)
_The above loop changes only the values of the process
X (s). In the procedure Picard-Iteration () we perform

the following steps by which we obtain the improved ap-
proximation X (¢ + h) given the known value X (¢):

1) Ij:=Ij+ (s — 75)Fj(X) for all j.

2) Update all components: X; ~ X, + I; for
all j.

3) Update all sampling probabilities,
setting them as Fj;(X) for all j.

4) Reset: X; = X;, Counter=0, I, = 0,7; = s,

for all j.

A more detailed discussion of this issue can be found in
[5], where also the sampling and implementation methods
are explained.

Based on the predictor X (s), by performing a Picard—
iteration we thus obtain improved approximations X (¢) and
X (t + h) (possibly also at several intermediate time steps
X (t+he;), 0 < ¢; < 1). Having done this, we discuss next
the possibility of further improving our approximation of the
exact solution, by computing a new quantity following the
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integral scheme:
t+h

X*(t+h) = X*(t) + Q(s) ds.

t

2

As integrand Q(s) we take the polynomial which interpo-

lates some intermediate values of F'(X(:)) or F/(X(-)). The
directly simulated process X or the Picard—approximations
X are evaluated here at some few equidistant points between
t and t 4+ h. By using an exact quadrature formula in order
to compute the integral in (2), we can employ the principle
of the Runge—Kutta method in order to further improve our
approximation.

The purpose of this paper is to present a general frame-
work for this family of schemes and to illustrate this prin-
ciple with several concrete examples. We mention that one
scheme belonging to this family was previously introduced
in our paper [5].

II. THE FRAMEWORK OF THE SCHEMES BASED ON THE
RUNGE-KUTTA PRINCIPLE

The family of Runge—Kutta (RK) methods is based on the
scheme

X*(t+h)=X"(t)+hY_ biki, 3)
i=1

where k; are suitable approximations for F(X (t+h¢;)),0 <

¢; < 1 (we consider here only the case of autonomous

systems, to which the stochastic simulation method can be

efficiently applied).

For different values of m, the sum in the rh.s. of (3)
is taken as an exact quadrature formula for the polynomial
Q(s) which interpolates the nodes (¢t + hc;, ki), i =1...m,
on the interval [¢, ¢ + h].

For m = 2 and ¢; = 0,c5 = 1 we obtain the trapezoidal

rule: ) )
h| =k —k
(2 1+ 5 2)

which integrates exactly the linear interpolant for the two
nodes.

For m = 3 and ¢; = 0,co = 1/2,¢3 = 1 we obtain
Simpson’s 1/3 (or Kepler’s) rule:

“4)

1 4 1
hl=ki+ ks + =k 5
( G + 62T g 3) (5)
which integrates exactly the quadratic interpolation polyno-
mial for the three nodes, but in this particular case all cubic
polynomials are also integrated exactly.
For m =4 and ¢; = 0,¢3 = 1/3,¢3 = 2/3,¢c4 = 1 we

obtain Simpson’s 3/8 rule:
1 3 3 1
h| =k + kot =ks+ =k
(8 1+8 2+8 3+8 4)

which integrates exactly the cubic interpolation polynomial
for the four nodes. B
By considering for the k; the values of F/(X (¢ + h¢;)) or

F (X (t+hc;)) based on the simulated Markov process or on

(6)
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its Picard iterate, we can obtain several stochastic Runge—
Kutta or Picard—Runge—Kutta schemes. The scheme (5) was
already introduced in [5] (in a slightly modified version),
while the other ones are new.

To make a comparison: for the well-known classical
Runge—Kutta methods the k’s can be computed recursively
by

i—1
ki =F(X*(t)+ > aijkj).
j=1

The values of b;,c; and a;; have to be properly chosen,
in order to obtain consistency and convergence. The most
typical examples are enumerated in the following.

For m = 3 the scheme corresponding to (5) leads to the
RK method of order 3:

by = F(X*(8)), ke = F(X*(t) + hk1 /2),

ks = F(X*(t) — hk; + 2hks).

But, since the used quadrature formula integrates exactly
also cubic polynomials, in the deterministic setting one can
take ¢; = 0,co = ¢3 = 1/2,¢4 = 1 in order to obtain the
standard RK scheme of order 4:

kq

F(X7(2)), k2

F(X*(t) + hk1/2),
ks = F(X*(t) + hks/2), ko = F(X*(t) + hks)

based on the integration formula

1 2 2 1
h| =ki1+4+ ke + =ks+ =k 7
<61+62+63+64) (N
which is fact derived from (5) but with two approximating
values ko and k3 at the middle of the interval.

For m = 4, the scheme corresponding to (6) leads to the
3/8 RK method of order 4:

3}

F(X*(t), ko = F(X™(t) + hk1/3),
ks = F(X*(t) — hk1/3 + hky),
ky = F(X*(t) + hki1 — hko + hk‘3)

We note that the classical scheme (7) has no natural
stochastic counterpart, since in the middle of the interval we
would need two approximating values ko and k3. Neverthe-
less, the stochastic scheme based on (6) is formally similar
to the 3/8 RK method of order 4 presented above. As we
will see in the numerical examples, although the intermediate
values k; computed by the stochastic method demand more
computational effort, they are more precise than those used
by the classical deterministic RK schemes and the overall
efficiency of the new solver can be superior, especially in
the case of equations which are difficult to integrate.
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III. STOCHASTIC RUNGE-KUTTA SCHEMES

In this paper we consider three versions of stochastic
Runge—Kutta schemes, based on the quadrature formulae
@), (5), (6). We will denote them by RK2, RK3, RK4
respectively, the number suggesting the convergence order
of the corresponding deterministic method. To be precise,
we consider either k; = F(X(t + hc;)), where X (-) is the
path simulated by (dODE), or k; = F(X(t + hc;)), where
X (t + hc;) is the result of the Picard iteration (1) at the
corresponding time moment, taken on the interval elapsed
since the previous iteration.

We will illustrate the features of the method on a very
simple example. Consider the ODE 2’ = z, x(0) = 1 with
exact solution z(t) = e'. We chose for example N = 50
and t,,,. = 0.3. We simulate the stochastic process X )
by the algorithm: X (0) = 1, X — X +1/N after a random
waiting time 7 = —log(U)/(N - X), where U is a uniformly
distributed RV on (0, 1). This means that the waiting time
T is exponentially distributed with parameter A = N - X.
Moreover, the time steps 7 are automatically adapted, since
this approach imposes that the current value of X changes
always by the fixed quantity 1/N. We note that the size of
the time steps is inverse proportional to the value of X and
also to the value of /N, which can be increased if we want to
improve the time resolution and by this the overall precision
of our approximation.

We compute successive jumps, until the simulation time
t,. of the process exceeds tmqz, SO X (t«) will be the first
approximation for e’* (predictor). Since we have computed
a full path, we gained information not only by the final
value of the simulation, which may be biased by random
fluctuations, but also by the whole behavior of the process
X on the current time interval. We can therefore exploit
this global information by performing a Picard iteration
at t = t, in order to improve the approximation: X =

e
x(0) + / X (s)ds. This is the integral of a step function
0

which can be computed explicitly as > X (t;)(tis1 — ;)
where ¢; are the jump times of the step function X ()
(more precisely, the value of the Picard integral cand be
updated after every jump). We can also compute an improved
approximation using the RK2-step (4), where k1 = 2(0) = 1
and either ky = X (t.) (RK2-method) or ky = X (Picard-
RK2-method). The results are plotted in Fig. 1. We illustrate
here a situation where the error of the computed path is very
large compared to the exact value e’* and show how the
Picard iteration, the RK2-step or the combination of both
improves the approximation. In the same figure is plotted
the error curve from 48 simulations (magnified by the factor
5) of the four stochastic approximations of the exact value of
the exponential function (absolute value of the differences
at t,). For this error curve the tics on the x-axis have no
relevance. We note that the fluctuations of (dODE) are very
large, while Picard or RK2 have the effect to significantly
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Fig. 1. A sample path of X(-) and the improved approximations at t = t.
with error curves from 48 simulations

reduce the error. Moreover, the combination of both is even
more precise.

Turning back to the general problem, we note that since
we consider stochastic processes with small random jump
times, we cannot hit exactly the prescribed time steps
required by the Runge—Kutta scheme. Instead, we take the
first time when the prescribed time step is exceeded during
the simulation. If the jump time intervals 7 of the stochastic
process are small compared to the time step h considered in
the Runge—Kutta scheme (a typical example: h = 1077, 7 =
O(10711)), the error is expected also to be sufficiently small.
Alternatively, one can work with the exact times given by
the stochastic process, but then the simple formulae (4)-
(6) have to be replaced with the exact computation of the
linear, quadratic or cubic interpolation polynomial and of
its integral. This eliminates the error induced by (5)-(6)
when using slightly different time moments, but at a higher
computational cost. This version was used in [5] in order to
correct the formula (5).

For this paper we performed several experiments, which
showed the following facts. First, if the time steps h are
not extremely small, the overall efficiency does not change,
regardless which alternative we will choose: the cheap
approximate computation of the integral with inexact time
moments, or the more expensive interpolation-based exact
computation. Moreover, the stochastic RK2-method for fixed
time steps h is too imprecise in problems which require a
high time resolution as in our test case, where the other
two are preferable. Nevertheless, we will see later that it
is a good choice if we consider a stochastic Runge—Kutta
scheme with adapted time steps h. Second, if the time
steps h are taken very small, then the computation of the
interpolation polynomials (either by the Lagrange or by the
Newton formula) will involve difference quotients with very
small terms and the output given by the computer is biased
by rounding errors. This phenomenon can be observed in a
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sudden lost of precision if we use quadratic polynomials in
the RK3-method or even in chaotic results if we use cubic
interpolation polynomials in the RK4-method.

IV. ADAPTIVE STOCHASTIC RUNGE-KUTTA SCHEMES

Another possibility is to use a stochastic RK-scheme with
adapted time steps. That is, we do not prescribe the value
h of the time step, but we fix a number M of jumps of the
process (typical example: M = n in 1D and M = 0.3n
in 2D, where n is the number of equations) and the time
step h is determined automatically as the sum of all lengths
of jump intervals since the previous step (which are in turn
automatically adapted, by the nature of the jump process).
As in the situation with fixed time intervals, we can either
use as predictor only the simulated Markov jump process
X(-), or its Picard iterates X (). For the RK2-method we
thus consider simply the process or its Picard iterate at
the time moment when M jumps were performed. The
formula (4) yields the exact integral of the corresponding
linear interpolant. For the RK3 and RK4-methods we have
to compute the intermediate k;’s, now related to the number
M of jumps: after M /2 jumps in case of RK3 and after M /3
and 2M /3 jumps in case of RK4. But now, since the time
moments are not necessarily equidistant (even not approxi-
mately so), we are obliged to use an exact computation of the
interpolation polynomial and of its integral. The drawbacks
of this approach were presented above and the experience
showed that the adapted RK4-method, although theoretically
it should be the most precise, is impracticable due to the
mentioned rounding errors. Nevertheless, the adapted RK3-
method functions well and is in principle slightly better
than the adapted RK2-method, except in the range where
the time intervals h after M jumps become too small (due
to large values of N considered in the stochastic scheme).
With increasing values of NN, the convergence of the RK2-
method is improving, while the RK3-method, for NV larger
than a threshold value, remains at the same level of the error
due to the rounding effects. Another aspect of the adapted
RK3-method is the handling of the results when reaching
the maximal computation time %,,,.. If this occurs after
computing ko after M/2 jumps, then we simply compute
ks at the stopping time of the process and take the usual
approach. However, if we reach t,,,, with less than A//2
jumps, then we simply perform a RK2-step for this last time
interval.

V. NUMERICAL EXAMPLES

We illustrate the application of several stochastic, but also
deterministic methods at the test equation

oo (1)

with initial condition uy = 1, either on (0, 1) with boundary
conditions d,u(0) = 0 and u(l) = 1, or on the square

et
)

ou

Z A
ot U+

®)
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1D, 0=30

181

‘ t:0.242‘

12

0.6 0.8 1

0.4

0 0.2

Fig. 2. The solution of (8) in one space dimension for § = 30.

(0,1)2, with boundary conditions d,u = 0 if + = 0 or
y=0andu=1ifz=1ory=1.

This is a standard benchmark problem which requires a
high time resolution [6]. Its solution in 1D is plotted in Fig.
2. The variable u denotes a temperature which increases
gradually up to a critical value when ignition occurs (in this
example at time ¢t = 0.240) resulting in a fast propagation
of a reaction front towards the right end of the interval.
Due to the very high speed and the steepness of the front,
a very precise time resolution is crucial in any numerical
approximation of this problem.

By a finite—difference discretization with spatial mesh
size of 1/400 we obtain a system of ODEs, for which we
compute the solution up to ¢ = 0.244 in the case 6 = 30
and up to t = 0.27 in the case § = 20. Note that the
larger the value of §, the larger the stiffness of the problem.
As error measure we consider the supremum norm of the
difference to a reference solution vector u, at the end of
the computational time interval. The reference solution is
computed in MATLAB with the highest possible degree of
precision by the standard solver ode45. As alternative we
test also the stiff solver odel5s. For § = 20 the CPU-
times were 18 seconds for ode45 and less than 2 seconds for
odel5s, the maximal difference between the two solutions
being of about 1.4-107%. For § = 30 the CPU-times were 36
seconds and 14 seconds for ode45 and odel5s respectively,
the difference between the two solution being slightly less
than 10~7. Since the solver odel5s has a lower convergence
order, we consider as reference solution the results of ode45,
which are much closer (O(10713) for § = 20 and O(1071)
for § = 30) to the results produced by the solver odell3.
The high performance of all these solvers relies on the
powerful facilities of MATLAB, which involve computations
performed in a vectorial manner. The codes have only a few
program lines, with few function calls and the pattern of
the corresponding Jacobian is computed apriori, within a
separate function.
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Fig. 3. Efficiency comparison in 1D ¢ = 20, n = 400
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Fig. 4. Efficiency comparison in 1D for § = 30, n = 400

Our algorithms were however programmed in an object-
oriented manner in C++ and the computations involving
vectors were performed sequentially, within usual loops. For
this reason, in order to get a better comparison, we use
also a self-programmed version of ode45, which is nothing
but a time-adaptive Runge—Kutta method of order 5, called
the Dormand—Prince method. In contrast to MATLAB, here
the updates of the involved vectorial quantities occur also
within normal loops. In the legend this method is referred
to as ’rk5-adap’. At the same time we use also the results
produced by three standard Runge—Kutta solvers with fixed
time steps, called ’rk2’, °'rk3’ and °rk4’, which correspond
to the schemes (4), (5) and (7).

Fig. 3 shows the results of the different methods for the
case = 20, which is the easier case, with a less steep
front. We note that the standard solvers ’rk2’, ’rk3’ and
'tk4’ exhibit an unstable behavior. For a certain range of
the time steps the error is extremely small, but if we take
larger or smaller values, the error will get larger. However,
the time adapted solver ‘rk5-adap’ shows stability and a good
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precision.

We discuss now the performance of the stochastic solvers.
Due to the poor performance in problems like this, where
an extremely precise time resolution is needed, we omit
plotting the results of (dODE) (i.e. the direct simulation
of the Markov jump process, which is at the core of all
the other schemes) and of RK2. Nevertheless, the solver
(dODE) combined with Picard iterations shows a similar
performance to RK3 and RK4. The method 'RK2-adap’
behaves slightly better, while 'RK3-adap’, after showing for
a while a similar efficiency to the latter solver, exhibits
afterward the previously described phenomenon of rounding
errors, which becomes visible by the loss of precision if we
increase N, decreasing thus the length of the time intervals.
The score obtained by the deterministic solver 'rk5-adap’ is
slightly better than that of the previous group of stochastic
methods.

As next group of stochastic solvers we consider 'RK3-
Picard’ and 'RK4-Picard’. That is, at the time moments
prescribed by the Runge—Kutta methods we do not use
the values produced by (dODE), but we improve them by
a Picard iteration. In this case, the precision is increased
by taking larger N and smaller time steps h. Note that h
cannot be arbitrarily increased (for deterministic methods
this would yield instability, here larger errors), while for
small h, we have to take a sufficiently large N in order
to obtain good results. This implies smaller jump times and
therefore longer computation times. Nevertheless, if IV is too
large, for fixed h we do not observe an increased precision.
There is therefore an optimal dependency between h and IV,
which can be determined experimentally in order to obtain
the best efficiency. We note that the RK-Picard solvers are
not cheap ones, their employment makes therefore sense
only if we seek a high degree of precision, even at a
higher computational cost. Anyway, at the same (high)
computational cost, they are definitely more precise than the
previous groups of solvers.

The last group of solvers consists of the adaptive Runge—
Kutta-Picard solvers 'RK2-adap-Picard’ and °RK3-adap-
Picard’ in its first variant (where we stop after M/2 and
M iterations). In a certain range they seem to exhibit a
similar performance, clearly better than all the other solvers,
while for large values of N the already discussed imprecision
of ’RK3-adap-Picard’ shows up again. Nevertheless, since
in the solver 'RK2-adap-Picard’ we don’t use interpolation
polynomials of high degree, this type of errors does not
appear and overall this solver may be considered as the ’test-
winner’.

Fig. 4 shows the results for 6 = 30, which is a much more
demanding problem than the previous one. We will mention
only some differences compared to the former situation.
The solvers ’RK3’ and 'RK4’ perform now similarly to
'rkS-adap’ and better than the (dODE)-Picard solver or
"RK2-adap’ or 'RK3-adap’. Within a certain range, the best
efficiency is provided this time by 'RK3-adap’, and 'RK2-
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adap’ surpasses it only for larger values of N. Within this
range, even if 'RK2-adap’ is again the best one, its efficiency
is comparable to that of ’RK3-adap’, 'RK3-Picard’ and
’RK4-Picard’.

We perform next computations for the smaller spatial
discretization step of 1/1000. In order to obtain a good
reference solution we use the solver 'RK2-adap-Picard’ with
a large value of N. The reason for this choice is that
in this case the MATLAB-solvers reach their limits. The
solver odel5s with the minimal value of the parameter
"RelTol’=2.2- 10~ is still fast but, by its construction, it is
not a high precision solver. For § = 20 we can use the solver
odell3 with the smallest possible value *RelTol’=10"19
(due to memory reasons), the difference between the two
computed solutions being of 1078, So, this is virtually the
best precision which can be reached by the MATLAB-
solvers. For 6 = 30 we can use odell3 only with "RelTol’
larger than 107>, the difference to the solution delivered
by odel5s being of 10~*. The results of the numerical
experiments are plotted in Fig. 5 and 6. We compare here
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Fig. 7. Efficiency comparison in 2D for 6 = 30, n = 120 x 120
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Fig. 8. Efficiency comparison in 2D for § = 30, n = 200 x 200

only stochastic solvers, all based on Picard-iterations in
different variants: "Picard’ and the adaptive schemes 'RK2-
adap-Picard’ and 'RK3-adap-Picard’. As deterministic solver
in this test we use the standard one, ’rk5-adap’. We note
that this scheme performs similarly to the stochastic Picard—
solver and in the precision range up to 10~4 — 105 both
of them are faster than the adaptive stochastic RK-solvers.
Nevertheless, if higher precision is required (for example
to compute a good reference solution), the latter solvers
are more performant. ’RK2-adap-Picard’ turns to be again a
robust solver with a good precision. We observe the known
problems caused by rounding errors in the case of the solver
’RK3-adap-Picard’. Altough in a certain precision range
this solver performs slightly better than the other stochastic
Runge—Kautta solver, by increasing the precision parameters
above a certain level, the precision of the computed solutions
does not improve. However, this is not the case for the
solver 'RK2-adap-Picard’. We note also that by using this
scheme, we can obtain a higher precision than using the
solvers available in MATLAB.
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The next figures depict the results in case of the 2D-
problem for 6 = 30, computed up to .., = 0.268. Fig.
7 corresponds to the spatial discretization step of 1/120
(reference solution computed by odel13), while Fig. 8 to a
step of 1/200 (reference solution computed by 'RK2-adap-
Picard’). We compare the same solvers as in the previous
example, together with the MATLAB-solver odel5s and the
standard Runge—Kutta method ’tk4’ (only for the spatial
discretization step of 1/120). We note that in the case of
this difficult problem, with a large number of equations, the
performance of this solver is poor compared to the others.
Concerning the stochastic solvers, the picture is almost the
same as before. The Picard’ solver performs similarly to the
deterministic 'rk5’-method. If one needs a higher precision,
the stochastic solvers 'RK2-adap-Picard’ and ’RK3-adap-
Picard’ are more performant. In both cases we considered
also the results of the MATLAB-solver odel5s, set up to
the maximal possible precision. Due to the fast MATLAB-
codes, based internally on strong parallelization, the ODE-
solvers available in this software are generally very fast.
Nevertheless, for difficult problems (as in the 1D case with
a very small discretization step of 1/1000 or in the 2D case
for steps 1/200 or smaller), the stochastic solvers presented
in this paper perform better in the range of high precision.

VI. CONCLUSIONS

The conclusion of these experiments is that by using the
Picard and/or Runge—Kutta principle, the performance of
the stochastic direct simulation method can be enhanced
considerably. The stochastic solvers presented here are com-
parable to deterministic ones, at least in a precision range
relevant for PDEs. Within the framework of all Runge-
Kutta-solvers of stochastic type, we distinguish the time
adaptive solver 'RK2-adap-Picard’, which shows the best
allround performance, either if we need a good precision at
a mostly cheap computational cost, or if we need a very high
precision, even at the price of an expensive computational
cost.
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