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A PARALLEL ALGORITHM FOR ANALYTICAL SOLVING OF
PARTIAL DIFFERENTIAL EQUATIONS SYSTEMS.

NATALIA MALASCHONOK

ABSTRACT. There is produced a parallel algorithm for symbolic solving sys-
tems of partial differential equations by means of multivariate Laplace-Carson
transform. There is considered a system of n equations with m as the greatest
order of partial derivatives and right hand parts of a special type. Initial and
conditions are input. As a result of Laplace-Carson transform of the system
according to initial condition we obtain an algebraic system of equations. A
method to obtain compatibility conditions is discussed.

1. INTRODUCTION

The Laplace and Laplace-Carson transform is useful in many problems of solving
differential equations (for example [1, 2, 4]) It reduces a system of partial differential
equations to an algebraic linear system with polynomial coefficients. Parallel algo-
rithms for solving such systems are being developed actively (for example, [5, 3]). It
enables to construct parallel algorithms for solving linear partial differential equa-
tions with constant coefficients and systems of equations of various order, size and
types. The application of Laplace-Carson transform permits to obtain compatibil-
ity conditions in symbolic way for many types of PDE equations and systems of
PDE equations.

2. PROBLEM STATEMENT

Denote m = (my, ..., m,). Consider a system

K M _ om
(1) Z Z Za;ﬁk omiy OMn Uk(l') - fj (I)’

k=1 m=0 m Lo n
where j = 1,..., K, ug(z), k = 1,..., K, — are unknown functions of z =
(r1,...,2,) € RY, fj € S, afm are real numbers, m is the order of a deriva-
tive, and k —the number of an unknown function. Here and further summing by
m = (my,...,my) is executed for my + ... +m, = m.

We consider all input functions reducible to the form;
£i) = fie), ot <t <ttt i=1,. 1,20 = 0,677 = oo,
where

53
i)y =>"Pl et i=1,....1;, j=1,...k (2)
s=1
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and P (x) = S il

Denote by A a class of functions which are reducible to the form (2).

We solve a problem with initial conditions for each variable. Introduce notations
for them. Denote by I'” a set of vectors v = (y1,...,79n) such that v, =1, 3, = 0,
if i < v, and ~; equals 0 or 1 in all possible combinations for i > v. The number of
elements in T'” equals 2V~ 1.

Denote 8 = (B1,...,58n), Bi = 0,...,m;, a set of indexes such that the deriva-
tive of u*(x) of the order ; with respect to the variables with numbers i equals
ug,y(x(”)) at the point x = 27 with zeros at the positions p for which the coor-
dinates 7, of v equal 1. For example, if zeros stand only at the places with the
numbers 1,2,3, then v = (1,1,1,0,...,0). Functions ugﬁ(w(”) must also belong

to A. To be short we shall not write down the expressions for ugyr(x('”).

The algorithm component is the definition of compatible initial conditions. The
system (1) is to be solved under such conditions.

Data file contains the coeflicients, the initial conditions and the right-hand mem-
bers f;,
l=1,...,K.

The data for functions f; consists of the polynomial coefficients, parameters of
exponents, the bounds of smoothness intervals.

3. LAPLACE-CARSON TRANSFORM

Consider the space S of functions f(z), + = (z1,...,2,) € R}, R} = {z
x; >0,i=1,...,n}, for which M >0,a = (a1,...,a,) ER", a; >0,i=1,...,n,
exist such that for all x € R’} the following is true: |f(z)| < Me*, ax = 2 ;5.

i=1
On the space S the Laplace—Carson transform (LC) is defined as follows:

LC: f(@) = Fo) =1 [ e f(a)de,

p=(p1,--,Pn), P =D1...Dn,

n
pxr = Zpixi, dr =dxy...dx,.
i=1
LC is performed symbolically at the class A.

4. PARALLEL LAPLACE-CARSON ALGORITHM

The steps, at which parallel calculations are possible and reasonable we denote
by term Block. If indexes are contained, the ways of parallelization are pointed by
them.

4.1. LC of a system. Let LC : u* U}“,ugﬂ(xm) — Ugﬁ(p(“f)),fj — Fj, the

notation p() is correspondent to the notation 2(?). Denote by ||v|| the “length” of

~ — the number of units in v, p™ = pyt .. pim.

Block 10
The LC of the left-hand side of the system (1) excluding images of initial condi-
tions is written formally.

Block 1r
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r runs trough the set of multiindexes of uf ().

Then gm
LC:
C R ug(x) —

mUk 4 Z Z Z H’YH 7”1 B1— ’Yl”_p;nn—ﬂn—’YnUg’Y(p(’Y)).

v=1 B,=0 ~eI'¥v

Denote

mk—zaﬁlkz Z S ()Pt ek (p0),

v=1 B,=0 ~veI'v

As a result of Laplace—Carson transform of the system (1) according to initial
conditions we obtain an algebraic system relative to U*

K K M .
S S S -3 Y itk @

Block 2k
k runs from 1 to K.

These blocks performs LC of the right-hand parts of (1). The properties of A
allow a further parallelization of calculations.

4.2. Solution of algebraic system. Block 3

As a result of Laplace—Carson transform of the system (1) according to initial
conditions we obtain the algebraic system (3) relative to U*.

Efficient methods of parallel solving such systems are developed (for example [5],
3)).

At this stage the problem of definition of compatibility conditions arises (see
blocks 4s,5). With respect to compatible conditions we use the inverse Laplace—
Carson transform and obtain the correct solution of PDE system.

4.3. Compatibility conditions. Call a rational fraction ”a proper fraction” if the
degree of each variable (over C) in numerator is less then its degree in denominator.

Call by the class B a set of equations, defined by conditions

e the solutions of algebraic system may be represented as sums of proper fractions
with exponential coefficients,

e the denominators of these proper fractions may be reduced to a product of
linear functions.

The class B admits symbolic implementation of further calculations.
Denote by D the determinant of the system (3), D; the maximal order minors of
the extended matrix of (3). A case when there is a set Q of zeros of D with infinite

limit point at Repr > 0, k = 1,...,n, is of most interest. Solving the system
(1) we obtain U* as fractions with D in the denominators. The inverse Laplace-
Carson transform is possible if ay, k = 1,...,n, exist such that these functions are

holomorphic in the domain Repy > aj. So we make a demand: D; has zeros at Q
of multiplicity not less than multiplicity of corresponding zeros of D. This demand
produces requirements to the LC images of initial conditions functions, and after
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LC~! transform — to initial conditions. They turn to be dependent. We obtain the
so-called compatibility conditions.

Block 4s
s depends upon the number of relations, from which the compatibility conditions
arise.

The blocks calculate the values of numerators at zeros of denominators.

Block 5

The block implements parallel solving of the system of equations, produced by
relations for compatibility conditions.

Block 6k

The blocks perform the LC~! of U*. Note, that the steps of calculation of
multivariate LC~! are produced sequentially.

5. EXAMPLES

5.1. Example 1. To demonstrate the LC algorithm let us consider in details solv-
ing of a system of three equations with three unknown functions f(z,y, 2), g(z, y, 2),
h(z,y,z) on R3.
2+ % g+ ,Qh
o gt ah =y (1)
%f + %g + 92 = Z
We shall consider the problem when values of unknown function at zeros of z,y, z
are taken as initial conditions.

As we have the derivatives of the first order with respect to each variable we need
nine initial conditions — three for every unknown function — at (0,y, 2), (z,0, 2),
(z,y,0), correspondingly to the order of the derivative. A requirement is a coinci-
dence of correspondent functions values at the intersection of these planes.

Block 1r , r=1,2,3.

Denote values of functions at these points as follows:

f(O,y,Z):fz, g(O,y,Z):g$, h(anaz):hma

f(a:,O,Z)ny, g(.’E,O,Z):gy, h(l‘,O,Z):hy,

fl@,y,0)=1%  g(x,y,0) =9 h(z,y,0)=h"
Denote the images of LC transform of f, g, h, respectively by w, v, w.

To be transparent in the example we denote LC images of the initial conditions
functions by nine various Greek letters «, 3,7, 9,0,¢,&, T, 0, correspondingly:

() | () | (pya)
f @ n §
3 § B

T Y g

> Q
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Table 1

In the table the first column points the functions for which the LC images of the
initial conditions are considered, the first line indicates the variables upon which
these images depend.

Block 3

Applying the Laplace-Carson transform to the system (1) we obtain the algebraic
system

pu+1rv+quw —pa—1rp —qy =

ru+pu+qw —1d —pe — qy =

qu+pv+rw—qn—pe —ro =
The solution of this system is

b

(2)

3 1=Q g

_ g’ +pqrt+qr® —r?

T arp—n)(g—np+a+r)
(=p°¢®r + p*qr?)a+ (—pg®r® + pgr®) B + (pg*r? — ¢*r®)y
gri(p—r)(g—r)(p+q+r)
(pg®r* = qr*)d + (pg®r® — pgr®)e + (=pd®r + ¢*r*)n + (=pg°r® + ¢°r®)o
qgr(p—r)g—r)(p+q+7)
B —p2¢? + @r + pPr? — qr
par(p—r)g—r)(p+q+7)
P*¢’r — pPar®)o + (p’r? — pgr) B + (P*¢*r® — pg®r®)y
pgr(p—r)g—r)(p+q+7)
(=pg’r® + p*qr®)d — (P’ r + p*¢°r — pPar®)e
pgr(p—r)g—r)(p+q+7)
(=p°¢r + pg®r*)n + (=p*¢*r* + pg*r®)o
par(p—r)(g—r)(p+q+r)
—p2q+ ¢?*r + pPr — qr?
w =
grip—r)(g—r)(p+q+r)
(P°¢*r — PPqr?)a+ (pg®r® — pgr®) B+ *¢r + pg®r — pPr® — ¢°r?)y
gri(p—r)(g—r)(p+q+r)
(=¢°r® + p*qr*)0 — (pg°r® — pgr®)e + (=p*¢r + ¢r°)n + (—p*qr® + ¢rt)o
qgrip—r)g—r)(p+q+r)
The determinant D of the system equals
D=—-p-r)g—r)p+qg+r).
The bracket (p+ ¢+ r) is not important for solving the problem of compatibility —
its zeros do not belong to Q.

Block 4s, s =1,...,6.

Consider the sets p = r, ¢ = r. We demand the numerators of the solutions be
zero on these sets. To indicate that the functions of initial conditions are taken
for p = r or ¢ = r we use the notations displaced in the following table. If for a
function p = r is put we use this function with the index 1, if there is put ¢ = r,
we use this function with the index 2. To demonstrate the algorithm of getting
compatibility conditions display initial conditions and their transformations after
substituting of points of Q into the table.

)

3

+

)

+
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p=r q=r
a(Q7T) a(qu) Ctg(q,’l“)
e(q,r) | elg,r) | ea(r,7)
T(Qv T) T(Q7 T) 2 (Tv T)
9(]),7’) 91(7", T) 9(p7 T)
g(pv T) 51(7",7’) E(par)
v(pr) | nalr,r) | y(pr)
(5(]97 Q) 51 (7", Q> 62 (]L T)
B(p,q) | fr(r,q) | B2(p;T)
O'(p, q) 01 (7", Q) 02 (pa T)

Table 2

Substituting p = r and ¢ = r into the numerators of u, v, w, we obtain a system

of 6 equations, that connect functions «, 8,7,6,9, ..., ds.
—rq* 42907 =0 = (PP — qrf)a + (=@ Hgrt)pL +
+(q 7“ —qr o1+ (¢?r® —grt)e = 0
¢°r = ¢*r* — qr® + 11 + (¢*r® — qr )a +(°r® —qr®)B1 —
—(¢*r® — qr®), ( rd—qri)e = 0
—@®r +2qr? — 13 + (—¢*r® + qr )a + (=% + qrt ﬁl +
+(¢?*r® —qr")o1 + (¢*r* —qgrt)e = 0
(p7“4—r5) +( r —r )(52+(—pr4+r n+(— pr4+7‘5) oo = 0
(P?r = pro)y + (0*r* = pr®)da + (=p*r* + pro)n + (=p*r? +p7"5)02 = 0
(P 4 19y + (450 4 (P — 15+ (P~ )y = 0
Block 5
Solving it with respect to these variables, we get two conditions on them:
o = _q72 81+ 61 + ¢, (3)
v = —02+n+o02.

We may take arbitrarily all images of initial conditions except of o and v and
obtain « and «y according to the conditions (3).
For example, we may take the following functions in the table 1.

(@.7) () )
Fl—=+a o 7
g 1 . L
o I T A I
qr pr2 p2r P pg?
Table 3
The correspondent initial conditions are the follows:
1
fm:,(_z2+2yz)7 gli:%’ hmZZ/ZE
2 2
2 1
Y =uxz, gy:%, hy*§(2xzfx z+:c22)
2 2
7y zy
fZ:77 g =2y, hZ:7- (4)
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Block 6k, k£ =1,2,3.

Substituting the functions «, 3,7, ... from the table 3 into the solution wu, v, w,
after inverse LC transform we obtain the solution of the system (1) correspondent
to the initial conditions (4):

f=1/6(3z% — 6xyz + 6yz* — 223 — 3(x — 2)*H(—x +y)H(—x + 2)+
+2(—x + 2)*H(—z + y)H(—2 + 2) + 6y(y — 2)H(~y + 2)+
+62(—y+2)H(—y +2) + 2(—y +2)°H(—y + 2) + 62(y — 2) H(—x + y) H(~y + 2)+
+2(y — 2)°H(—x + y)H(—y + 2) + 6y(—y + 2)H(—z + y) H(—y + 2));

g = 1/6(6zy + 612 — 120yz + 32% + 3y2? — 22° = 3(x — 2)*H(—x + y)H(—x + 2)+
+2(—2 + 2 H(—x +y)H(—x 4 2) + 6y(y — 2)H(—y + 2) + 62(—y + 2)H(—y + 2)+
+2(—y +2)*H(~y +2) + 62(y — 2)H(—x + y)H(~y + 2)+
+2(y — 2)°H(—x + y)H(—y + 2) + 6y(—y + 2)H(—z + y) H(—y + 2));

h = 1/6(3zy* — 3222 — 6yz + 3w2% 4 6yz? — 22° —3(x — 2)?°H(—x +y)H(—x + 2)+
+2(—2 + 2 H(—x +y)H(—x 4 2) + 6y(y — 2)H(—y + 2) + 62(—y + 2)H(—y + 2)+
+2(—y +2)3H(~y +2) + 62(y — 2)H(—x + y)H(~y + 2)+
+2(y — 2)°H(—2 +y)H(~y + 2) + 6y(—y + 2)H(~z + y) H(~y + 2)),

where H(x) is the Heaviside step function.
5.2. Example 2. The LC algorithm permits to solve equations of various types
and of any order if input functions belong to A, and the equation is from the class

B. To demonstrate the application of the algorithm to an equation of the fourth
order let us consider the equation of forced vibration of elastic rod:

*r 0y
ox2 Oy Y-
Initial conditions:

F0,y) = aly); 22| = b(y);

of (x,

F(2,0) = c(z); 22| = d(w);
0*f(z,y) _ 0% f(z,y) _
BlayQIz 1y:0 - g(x)7 ay3y ‘y:O - h’(l‘)

ocC. .

LC: f(,y) = u(p,q),
a(y) — a(q), bly) —
c(z) = y(p), d(z)—
glz) s o(p), hiz) —
Block 3
As a result of LC we obtain the algebraic equation:

1
p2ufp2afp67qu4rq7qu4rq’y:;q

D= p2 + q2
Then

y L + pPqa + p?qB + pg®y + pg*d + o + pgPT

pa(p® +q*)
Block 4s , s =1,2.
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There are two () sets of zeros of the denominator
D=p*+¢,
these sets are defined by the conditions
p=iq* p=—ig".
At this sets the numerator of u equals correspondingly

Al =1—iq'a— ¢’ B+iq'n +iq°6 + iq’o1 +iq m;
A2=1+iq a—q°B —iq 2 —iq°0y —ig°os — iq*Ta,
where

Y1, 517 01, T1

are the values of functions v, §, o, T at p = ig?,

Y1, 61, 01, T1

—at p =ig>.

The functions with indexes 1 and 2 depend on different arguments iq? and —ig?,
correspondingly. So it is convenient to take the originals ¢,d,g,h of v, §, o, T
as data functions of initial conditions and to find a,b as compatible with them.
Note that this is a characteristic speciality of equations of such type, for example
with respect to «, 3.

of elliptic equations.
Al
A2
Block 5 ,

Solve
0,
Compatibility conditions on images of LC:

0

—QS% - q3’72 - q251 - q252 — (01 —(qo02 —T1 — T2
_ 7 ;
i(=2i4 4" — ¢"v2 + 4561 — ¢%02 + ¢Poy — ¢Pos + ¢ — ¢P )

ﬂ - 2 5
q

Taking concrete functions ¢(t), d(t), g(t), h(t) of initial conditions, we obtain a(x)
and b(z) as compatible with them. In such way we may define, for example, the
following compatible initial conditions:

4 5
a=1-% b=>"c=1+1t%
Finally we obtain the solution satisfying the initial conditions:

o=

xt tad

— 12

f(t,x) +t 12-1-120
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