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Abstract

The method of ordinary differential equations in the context of
calculating the special functions of wave catastrophes is considered.
Complementary numerical methods and algorithms are described.
The paper shows approaches to accelerate such calculations using
capabilities of modern computing systems. Methods for calculat-
ing the special functions of wave catastrophes are considered in the
framework of parallel computing and distributed systems. The pa-
per covers the development process of special software for calculating
of special functions, questions of portability, extensibility and inter-
operability.

Keywords: ODE method; special functions of wave catastrophes; nu-
merical methods; algorithms; parallel computing; distributed computing.

Resumen

Se considera el método de ecuaciones diferenciales ordinarias or-
dinarias en el contexto de calcular funciones especiales de catédstro-
fes de olas. Se describen métodos y algoritmos numéricos comple-
mentarios. El articulo muestra enfoques para acelerar tales calculos
usando capacidades modernas de sistemas de cédlculo. Se conside-
ran métodos para calcular funciones especiales de catastrofes de olas
en el marco de computacién en paralelo y sistemas distribuidos. El
articulo cubre el proceso de desarrollo de software especial para cal-
cular funciones especiales, asi como asuntos de portabilidad, exten-
sibilidad e interoperabilidad.

Palabras clave: métodos de EDO; funciones especiales de catastrofes
de olas; métodos numéricos; algoritmos; computacién en paralelo; com-
putacion distribuida.

Mathematics Subject Classification: 78A99.

1 Introduction

The theory of wave catastrophes is an important field, which has a direct
practical importance in areas such as radiolocation, formation of direc-
tional beams in plasma, transfer of data over fiber-optic lines, etc. Meth-
ods of the theory of wave catastrophes allow to go beyond the boundaries
of the known asymptotic methods in the study of electromagnetic wave
propagation.

This article describes approaches to numerical calculation of special
functions using modern computing systems. The software product based
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COMPUTING THE SPECIAL FUNCTIONS OF WAVE CATASTROPHES 23

on these methods is planned to be embedded to the information system
”"Wave catastrophes in radio physics, acoustics, and quantum mechanics.”

2 ODE method

Known methods of the theory of wave catastrophes (for example, the con-
tour method, summing the Taylor series) are difficult to apply for multi-
parameter catastrophes as their complexity increases with the number of
parameters [3, 5]. The method of ordinary differential equations is free
from these disadvantages [4].

ODEs for a rather small number of catastrophes are derived by hand
[7], but, in theory, this can be done automatically. The algorithm can be
implemented quite simply using one of the modern packages of symbolic
computation (Maxima or Wolfram Mathematica, for example).

Definition 1 A wvector consisting of a wave catastrophe special function
and a part of its first direvatives is a fundamental vector of this special
function (for example, fundamental vector of As catastrophe is (1)):

W= (V,V5,V?),~y=3. (1)

The other derivatives of a special function are uniquely expressed in terms
of the fundamental vector’s components with the help of linear algebraic
relations resulting from the canonical system of differential equations.

Argues that for calculation of the fundamental vector’s components a
system of ordinary differential equations can be derived from the system
of canonical equations. The resulting system can be easy calculated by
numerical methods like Runge-Kutta or Kutta-Merson.

For example, consider the A3 catastrophe (2):

Va,(X) = /_+oo exp(i(z® 4+ Xoz?® 4+ M\1z)) da. (2)

The following system of canonical equations corresponds to the catas-
trophe described above [4]:

O VR A WA
L N0 Zon
62 6 (3)

( ) = 0.

o o
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24 A.S. KRYUKOVSKY — D.S. LUKIN — S.V. ROGACHEV

The system of ODEs (4) can be derived from the system of canonical
equations [4, 2J:

v AV dvt
VR VA W
ave 1 . av!
N 4()\1V iXV) = Usy, . Uai, (4)
dV? i 1 5
@t 2 .
i TV MV 22077

The set of initial conditions (5) supplements the system:

V(0) = 5T enn(T),
Vi(0) =0, (5)
V2(0) = LT (ean("S0).

The method of deriving a system of ODEs can be described by the
following steps [4, 6]:

e First of all, it is necessary to select the starting point. It may be
A2 = 0 and Ag = 0, for example (for Agz).

o After the selection of the starting point for a future system of ODEs
it is needed to determine the components of the vector W and its
length. This can be done by drawing up a table, each row of which
corresponds to the function itself or one of its first derivatives, and
the columns correspond to the derivatives with respect to each pa-
rameter (the table corresponding to the As catastrophe (Table 1)).

e All components of the table are derivable from the system of canon-
ical equations. The table also helps to determine the amount of
fundamental vector’s components.

3 Numerical methods and algorithms

The software solution uses the Kutta-Merson method to calculate special
functions with different sets of parameters. This is a method with fourth-
order accuracy and step autocorrection [8].
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Table 1: Table corresponding to the As catastrophe.

Consider a system of the form:
z = f(t,x). (6)
To integrate the system following formulas can be applied:
Tng1 = T + %(k:l + dky + ks) + O(RP),

1
kl == *hf(tn,l'n),

3
1 1
ko = ghf(tn‘i‘ ghyyn‘i‘kl)a
1 1 1 1 (7)
ks = ghf(tn + gha Yn + §]€1 + 5"/‘2)7
1 1 3 9
ki = 2hf(tn + Shoya + Sk + 2ks),
4 3f( +3 y+81+83)
1 3 9

The local truncation error is expressed by the following formula:
9 1
5 ~ k]_ - §k3 + 4k4 - §k5 (8)

There are several criteria to determine how to change the integration
step. In the current implementation the step is multiplied by 2 if the local
truncation error is less than %E (the specified accuracy of calculation).
If the local truncation error exceeds 5F the step must be devided by 2. In
the other cases the step is not changed.

Studied catastrophes are complex multi-variable systems; to calculate
their special functions and visualize the result as a 3D plot it is needed to
choose parameters which will be changed discretely, other parameters are
assigned to some fixed values.
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26 A.S. KRYUKOVSKY — D.S. LUKIN — S.V. ROGACHEV

Data: Initial parameters of SODE

Result: Set of SODE solutions

initialization;

for FirsParam := MinFirstParam ... MaxFirstParam,

FirstParamStep do
for SecondParam := MinSecondParam ... MaxSecondParam,

SecondParamStep do
prepare the initial vector;
ResultVector := KuttaMersonMethod (InitialVector);
save the resulting vector for future use;

end

end
Algorithm 1: Sequential special wave function calculation.

The generic sequential algorithm for calculation special functions of
wave catastrophes can be expressed with the simple enough pseudocode
(Algorithm 1).

Usually it is enough to integrate the system from 0.0 to 1.0.

It is easy to note that the system can be integrated in the parallel
environment by the devision of the set containing descrete parameters’
values to a number of subsets. Integration in these parameter spaces
can be performed independently and the results can be merged after the
calculation. Thus, the algorithm showed above fits the parallel solution,
and does not require any change. On the contrary, the set of input values
must be prepared, and each thread in the system must get a separate part
of this set.

The performance gain can be calculated using the formula (9). Assume
N is a number of independent calculating units (cores, processors, network
nodes, etc), time of calculation is proportional to %:

T, tial
Tparallel = C%- (9)

4 Portability and extensibility

One of the main requirements to the software developed in this work
is portability and this requirement is refracted in some design solutions
assumed in the project. C++4 is used as a main programming language:
it helps to develop very portable solutions which can be built for many
modern architectures like x86, ARM, MIPS, etc. Graphical interface and
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OpenGL graphics are drown through the FLTK library (very portable and
tiny GUI toolkit), network communication and multithreading are based
on small self-developed libraries (MS Windows, GNU/Linux and many
other Unixes are supported).

The software uses a common intermediate representation of float point
numbers to communicate between network nodes. Thus, these nodes can
use different internal representations and work together in one computing
network.

To simplify development of extensions the software supports a special
domain specific language. ODEs of wave catastrophes can be described
in the language and used to calculate these catastrophes. A part of this
functionality is still under development.

5 Examples of visualization

The equation of the catastrophe Ajz is already described above (2), Figure
1 shows its module.

[® nformation system "Wave catastrophes in radiophysics, acoustics and quant (3] =]

File Catastrophes Help |

Figure 1: Az, module. A\; = —15...4+ 15, Ao = —10... 4+ 10.
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28 A.S. KRYUKOVSKY — D.S. LUKIN — S.V. ROGACHEV

Consider the graphical representation of the corner catastrophe A (see
Figure 2):

“+oo +oo
Vai (A1, Az, a) = / / exp(i(k12” + ayz + kay® + A1y + Aa2))dy dz.
o Jo
(10)

0]

File Catastrophes Help |

Figure 2: A{, phase. \; = —10... 4+ 10, Ao = —15... +5, f; = —1, Bo = 1,
a = 2cos(G).

The edge catastrophe K4 o described by the equation 11 is shown on
figures 3 and 4:

Viia(A, o A, ) =

/ / (22 + ax?z + 2t + Mz 4+ Aoz + A3z + Agza)). (11)
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i

File Catastrophes Help

Figure 3: K45, module. Ay = —=8... 48 A= —7...4+7, A3 = =2, Ay = =2,
a=—1.

[ Information system "Wave catastrophes in radiophysics, acoustics and quantuum me: o =] ]

File Catastrophes Help

Figure 4: K45, phase. A\ = =8...+8 Ao = —T... 4+ 7, A3 = =2, \y = =2,
a = —1.
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