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Abstract. Gyorgy Gat and the author of this paper established a pro-
cedure to solve initial value problems of linear differential equations of
first-order with not necessary constant coefficients. This procedure ap-
proximates the exact solution by Walsh polynomials. This paper extends
this method for systems of linear differential equations of first-order with
discontinuous righthand sides.

1. Introduction

Orthonormal systems formed by Walsh functions have a wide range of ap-
plications in the world of digital technology. Since the 1970s several researchers
studied intensively the application of Walsh functions in communication and
signal processing (see, among others, [1, 13, 14, 16, 17]). In [7] Corrington devel-
oped a method to solve nth order linear differential equations using previously
prepared huge tables of the Walsh—Fourier coefficients of weighted indefinite
integrals of Walsh functions.

In 1975 C. F. Chen and C. H. Hsiao improved the method of Corrington to
solve systems of linear differential equations of first-order. The new approach
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is much simpler and more suitable for digital computation, but it was only de-
signed for solving linear differential equations with constant coefficients having
initial conditions at * = 0. In 1975 Chen and Hsiao wrote many papers in
which they show the performance of their procedure in different applications
(see [6, 4, 5, 3]). On the basis of this method it was also possible to develop a
technique for solving first-order partial differential equations by double Walsh
series approximation (see [19]).

The basic idea of the method of Chen and Hsiao is to avoid differentiation
considering the equivalent vector integral equation, because Walsh functions
are not differentiable. They discretized the integral equations substituting all
functions, even the integral functions, by the partial sums of Walsh series of
them. Every component of the exact solution is also substituted by an unknown
Walsh polynomial. The aim is to find the coefficients of these polynomials which
are obtained after solving a linear system. The proposed numerical solution is
formed by these Walsh polynomials which are defined in the interval [0, 1[.

In [12] Gydrgy Gét and the author of this paper established a procedure to
solve initial value problems of linear differential equations of first-order with not
necessary constant coefficients. We used the same basic idea, but the proposed
numerical solution was more complex and its analysis required a more solid
mathematical background. We also propose an iterative algorithm to speed up
the computations without having to solve very large linear systems. In this
paper we extend these results for systems of linear differential equations.

As is known, the system of differential equations ¢y = f(z,y) with a con-
tinuous right-hand side is equivalent to the vector integral equation

y(z) = y(zo) + / F(ty(t)) dt,

where y(x) and f(z,y) are vector-valued functions. If f(z,y) is discontinuous
in z and continuous in y, then the functions satisfying the integral equation
above can be called solutions of the equation y' = f(x,y) (see [8]). Differential
equations with discontinuous righthand sides have a large number of applica-
tion. In addition, if this system of differential equations is linear having the
initial condition y(§) = n, where £ belongs to an interval I, and its coefficients
and free terms are integrable (but not necessarily continuous) on each closed
subinterval of I, then there is an unique solution on I which is obviously con-
tinuous (but not necessarily differentiable). Integration is to be understood in
the sense of Lebesgue.

Our aim is to establish a procedure in order to approximate all members
of this unique solution by Walsh polynomials. Since Walsh polynomials are
defined on the interval [0, 1], we suppose that I = [0,1]. The approximation
at the point x = 1 will be given by the continuity of the solution at z = 1
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and the uniform convergence of the approximation on the interval [0, 1] which
will be proved later in this paper. If we only need to find an approximation
on a subinterval of [0, 1] then we can assume that all functions are zero on the
complementer of this subinterval.

1.1. Motivation and main results

Chen and Hsiao did not deal with the extensive analysis of the proposed
numerical solution. For instance they did not determine if the linear system
is solvable or not, the convergence of the numerical solution or the estima-
tion of errors. Moreover, to obtain a numeric solution with great accuracy it
is necessary to solve a linear system with a very large number of equations.
The construction of Walsh polynomials from their coefficients also requires a
considerable amount of time.

In [10, 11] we started with the analysis of these issues considering the sim-
plest case

y +ay=q(x), y0)=n,

where a,n7 € R and the constant term ¢ is an integrable and continuous real
function on [0, 1[. We approximated the exact solution by a Walsh polynomial

2" —1

Yol@) = Y crwp(x),
k=0

where wy, is the kth Walsh function ordered in Paley’s sense. For every n the
method gives us an unique numerical solution, except for 2"t = —a. It was
also proved that 7,, converges uniformly to the exact solution y if n tends to
infinity. In addition we proposed a faster iterative method to obtain directly
values of the numerical solution without solving linear systems or constructing
Walsh polynomials from their coefficients.

In [12] we established a similar method for differential equations with non-
constant coefficient. We designed a new procedure to approach by Walsh poly-
nomials the solution of the initial value problem

Y +p(x)y=q(x),  y0)=n,

where € R and p, ¢ are integrable and continuous real functions on [0, 1[. The
results were compatible with those for differential equations with constant coef-
ficient. Namely, the proposed numerical solution ¥,, just cannot be constructed
for finitely many values of n, and it converges uniformly to the exact solution of
the initial value problem on the interval [0, 1], if n tends to infinity. Moreover,
a similar iterative method was given to speed up the computations. In [15]
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Kaéroly Nagy adapted this procedure for problems with the initial condition
y(€) =1, where 0 < £ < 1.

The goal of the present work is to extend this method for linear systems
of differential equations of first-order as general as possible. We note that
the method solves the integral equation which is equivalent to the differential
equation in case of all functions in the equation are continuous. The continuity
ensures the existence of a differentiable solution, but otherwise the integral
equation has an unique continuous solution on the interval [0, 1] if all functions
in the equation are integrable on this interval. Therefore, leaving aside the
continuity, we consider the vector integral equation

x

y(@) = 7+ / (at) - P(Oy(t)) di (x € [0,1]),

3

where £ € [0,1] and P(z) and ¢(x) are respectively a matrix and a vector with
integrable entries on [0,1]. Note that the initial condition is not necessarily
& =0 as it appears so far in our papers.

After discretizing the vector integral equation we find a vector g, (x) formed
by Walsh polynomials which satisfies it. To this end, we propose two different
methods to construct these polynomials. One is to follow the method of Chen
and Hsiao constructing the polynomials from their coefficients. It leads us to
solve a very large linear system. The other is an iterative method like we
proposed in [12] for one equation. In this paper we prove that an unique 7,
always exists, except for finitely many values of n. Moreover, 7, converges
uniformly to the exact solution on the interval [0,1], if n tends to infinity.
Finally we propose another representation of the numerical solution to obtain
more accuracy in the approximation.

1.2. Structure of the paper

In Section 2.1 we introduce the notation used throughout this paper. We
also formulate two theorems that are fundamental for the properly functioning
of the proposed method. Further notations and a brief introduction to Walsh
functions appear in Section 2.2. To learn more about Walsh functions see [18].

In Section 3 we propose two methods to construct the numerical solution.
First, in 3.1 we describe how the coefficients of the Walsh polynomials in the
solution may be obtained solving a large linear system. In 3.2 we introduce an
iterative method which gives us directly the values of the numerical solution.

The implementation of this method in Matlab appears in Section 4 besides
three solved examples. Here we modify the method to increase the accuracy
of the approximation, comparing it with other classical numerical methods.
Section 5 contains the proof of Theorems 2.1 and 2.2.
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2. Preliminaries
2.1. Notation and results

Consider a general initial value problem with respect to a linear system of
differential equations of first order on the interval [0, 1], that is

1 +pi(@)yr +pr2(@)ye + - F Prm(@)ym = ¢1(x), y1(§)
Yo + P21 (2)y1 + p22(T)y2 + -+ P2 (@)ym = @2(x),  y2(§)

m,
n

25

Yoy + Pm 1 (Y1 + Pm2(@)y2 + -+ + Do (2)Ym = g (2), Ym () = Nm,

where coefficients p; and free terms g, are defined on the interval [0, 1] for all
k,l=1,2,...,m,and £ € [0,1[, nr € R. A shorthand notation of this problem
is

(2.1) v+ Py =q@),  yE)=mn
where P(z) and ¢(x) are the matrix and the vector with entries py;(x) and
qr () respectively, n is the vector formed by the numbers 1y, 11, ..., m, and

y(z) denotes the vector formed by the solutions y1(x), y2(z),. .., ym(z).

We suppose that the coefficients and free terms of the equations are in-
tegrable on the interval [0, 1], but not necessarily continuous. Therefore, the
solution of (2.1) means the unique solution of the vector integral equation

x

(2.2) y(@) =+ / (a(t) — P((t) dt (x € [0,1])
£

which is continuous on [0,1]. We approximate every member of this solution
by a Walsh polynomial on the interval [0, 1[, more precisely, for every member
yr we construct a polynomial

2" —1

(2.3) yi" () = Z crawi(z)  (k=1,2,...,m),

where w; is the ith Walsh function ordered in Paley’s sense.
In this regard we discretize the vector integral equation (2.2) as follows. Let
n be a positive integer. First consider the matrix
Sgnpl,l(x) Sznplg(l‘) e Sganm(.I)

Sonpa(x)  Sampaa(x) ... Sonpom(x)
82"19(55): . . : )

S2"pm,1(517) SZ”pm,2(13) e SQ"pm,m(JC)
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and vectors

" (@) Son g (w)
(n)
ys () Sonqa(x)
yn(z) = ’ . ) SQ"q(I) = : )
e St )

where San f(x) denotes the 2"-th partial sums of Walsh—Fourier series of the
integrable function f at the point = € [0,1]. Note, that every function above

is constant on the intervals
S
[;ﬂ’;{ (i=0,1,...,2" — 1),

the so-called dyadic intervals of length 27", Then substitute y(z), P(z) and
q(z) by 7,,(x), Sanp(z) and Sanq(x) respectively in the integral equation. But it
is not all, we must also discretize the integral function, otherwise the right-hand
side is not constant on the dyadic intervals of length 27™. For this purpose, we
also take the 2"-th partial sums of Walsh—Fourier series of the integral function,

using the expression
sgn,< / (1) dt) (2)
3

to denote the vector formed by the 2"-th partial sums of Walsh—Fourier series
of the integral functions

/fk(t)dt (k=1,2,...,m)
¢

at the point x, where fj(z) are the components of the vector function f(x).

In summary, we find a vector g, () formed by Walsh polynomials which
satisfies the discretized integral equation

(24) () =1+ S ( [ (820a®) = 209103, dt) (2)  (we0,1].
3
Note that (2.4) is equivalent to the equations

(25)  yy (x) = m + San ( / (sgnqk (t) =" Spapra(t)y” <t>) dt) (x)
¢ =1

for all k =1,2,...,m. We call 7,, a numerical solution of the vector integral
equation (2.2). In this paper we prove the following results.



Solving linear differential equations by Walsh polynomials 319

Theorem 2.1. Let py; and qi be integrable functions on the interval [0, 1] for
all k,1 =1,2,...,m. Then there exists an unique vector y,, formed by Walsh
polynomials which satisfies the discretized integral equation (2.4), except for
finitely many values of n.

In other words, an unique numerical solution 7,, of the vector integral equa-
tion (2.2) exists with the exception of finitely many values of n.

Theorem 2.2. Let pi; and qi be integrable functions on the interval [0, 1] for
all k,1 = 1,2,...,m. Then the numerical solutions 7, converge uniformly to
the exact solution of the problem (2.2) on the interval [0, 1].

Note that the 7,, can be extended at the point x = 1 with the limit from the
left of 1 of the Walsh polynomials. Then the continuity of the exact solution
and Theorem 2.2 ensure the uniform approximation on the interval [0, 1].

In later sections we are using the infinity norm of matrices. We recall that
it is the maximum absolute row sum of the matrix. In other words, if A is an
n X m matrix with entries ay,; then denote

m
Al = Z .
4] 1?;?&{ 2 Iak,zl}

Consequently, the norm of a vector as a matrix with only one column is
b|| := b
ol = maax (1],
where b, are the components of the vector b. Aside from the common properties
of a norm it is not hard to see that
|AB| < ||A]ll|B]],

particularly when B is a matrix with only one column being, therefore, a vector.
Moreover, if the matrix function F'(x) is integrable on the interval I, then the
function ||F(x)]| is also integrable on the interval I and

/ F(z) da

I

< / | ()] dz.

2.2. The Walsh—Paley system

Walsh functions are the finite product of Rademacher functions. One of
the ways used to introduce the Rademacher system is to consider the dyadic
expansion (xg,z1,...) of a real number x € [0, 1] given by the sum

oo
Tk
r= Z 9k+17

k=0
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where x; = 0 or z;, = 1 for all £ € N. This expansion is not unique if x is a
dyadic rational, that is, if  is a number of the form 2%, where i,k € N and
0 < i < 2. When this situation occurs we choose the expansion terminating
in zeros. Then, the Rademacher system is defined by

rp(z) = (—1)"* (x €[0,1], k € N).

The Walsh—Paley system sort the Walsh functions as follows. Every n € N
can be uniquely expressed as

(o]
n= g n2k,
k=0

where ni = 0 or ny = 1 for all K € N. This allows us to say that the sequence
(no,n1,...) is the dyadic expansion of n. Then, the Walsh-Paley system is
defined by

x) = Her(x) (x €1]0,1], n € N).
wy, is called the nth Walsh—Paley function or in other words, the nth Walsh

function ordered in Paley’s sense. A Walsh polynomial is the finite linear
combination of Walsh functions. The Walsh—Paley system is orthonormal, i.e.

1
/wn(x)wm(aﬁ) dx = {;: Z ; :’

0

Among other things, the orthonormality of the Walsh—Paley system ensures
the fact that two Walsh polynomial are equal at every point if and only if they
have the same coefficients.

For an integrable function f, i.e.

1
/\f(m)ld:c < o0,
0

we define the Fourier coefficients and partial sums of Walsh-Fourier series by

fr= [ fl@wp(x)dz (k eN),
/

> frwk(z) (neN, zeo,1)).

n
k=0

Snf( ) =
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The 2"-th partial sums of Walsh—Fourier series play a prominent role in appli-
cations, since their values can be written as an integral mean, namely

Sonflx) =2 / £(y) dy,
I, (x)
where the sets

. 1 i+1 .
L) :== [ngk{ (i=0,1,...,2" —1, ke N)
are called dyadic intervals and I,,(x) denotes the dyadic interval which contains
the value of x. Moreover, Son f converges uniformly to f for every continuous

function f defined on the interval [0,1], and Sa» f converges to f in L'-norm
for every integrable function f (see [18] p. 142).

Moduli of continuity helps us to estimate the approximations above. For
this, we define first the dyadic sum of two numbers z,y € [0, 1] with expansion
(zo,x1,...) and (yo,y1,...) respectively by

[ee]
-+ Y= Z |J,‘k — yk|2_(k+1).
k=0
The dyadic modulus of continuity of a continuous function f defined on [0, 1]
is
wpf r=sup{|f(z+h) — f(x)]: 2 €[0,1[,0<h<27"}
which tends to zero if n tends to infinity. It is not hard to prove (see [18]), that

|Son f(z) = f(z)| Swnf  (z€][0,1]).

On the other hand, the dyadic L'-modulus of continuity of every integrable
function f is defined by

W f = sup /\f(x 1h) = f(@)|de: € [0,1,0<h <2
which also tends to zero if n tends to infinity. In this case (see [18])
/ [So0(2) — F(@)|d < oV .

In case of a matrix or vector of functions we can defined moduli of continuity
as follows. Let P(x) be a matrix with continuous entries py;(x) on [0, 1] and
Q,, P be the matrix with entries w,pi ;. Then, the dyadic modulus of continuity
of P(z) is defined by

wp P =, P
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Similarly, for a matrix P(z) with integrable entries py ;(x) on [0,1] let olp

be the matrix with entries w,(L )pk 1, and define

wVP =W P].

It is not hard to see that the corresponding estimations
|Son P(z) — P(z)|| <w,P  and / |Son P(x) — P(z)| dz|| < wMP

hold. It is important to clarify that in this paper the absolute value of a matrix
means the matrix formed by the absolute value if its entries. All the above is
valid for vector functions if we consider them as matrices with only one column.

Continuing our matrix notation we consider the integral function of the
Walsh—Paley functions, the so-called triangular functions. We denote them by

Ji(z) ::/wi(t)dt (teN, 0<z<1).
0
It is obvious that Jo(x) = x. Moreover,
Ti(w) = wi(x) (@ —2™),
where 2 < i < 271 and 2(™ is the number of the form L for j =0,1,...,2"
which is nearer to z (see [9]). Denote by J; ;,; the jth Walsh Fourier coefﬁ(;lent

of the triangular function J;. Let .J be the matrix whose entries are J; i,j» where

1,7 =0,1,...,2" — 1. The entries of J often take the value 0 and it is not hard
to construct it by iteration (see [2] and [10]). For instance, for n = 3 we have

% _% _% 0 16 0 0 0
i 0 0 -4 0 -5 0 0
& 0 0 0 0 0 —-% o0
~ (o & o o o 0 0 -1
(2.6) J=1, ° 1
&= 0 0 0 0 0 0 0
0O & 0 0 o0 0 0 0
0o 0 &£ 0 0 0 0 0
0o 0 0 &% 0 0 0 0

Similarly let jg be the matrix of the Walsh—Fourier coefficient of the integral

functions
x

/wi(t)dt (€N, 0<z<1).
3
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To compute the values of the matrix fg note that
/wi(t) dt = J;(x) — J; (&) = Ji(z) — w; (€)(€ — €M).

Therefore, the matrix jg only differs from J in its first column in which the
value of the ith row is subtracted by w;(€)(& — £™).

3. Construction of the numerical solution

We propose two methods to construct the numerical solution 7,,. They are
different as far as the calculation is concerned, but the generated numerical
solution is the same. The first one is the extension of the method of Chen
and Hsiao for equations with variable coefficients. In case of one equation the
iterative method was introduced in [11] for constant coefficients and in [12] for
variable coefficients.

3.1. Construction of the Walsh polynomials from their coefficients

Our aim is to obtain the coefficients ¢y, ; of the Walsh polynomials

2" —1

— Z Ck7iwi(x) (k = 172,. .. ,m)

which satisfy the discretized equations (2.5), that is

(@) = i, + San (/52"Qk Z Sonprea ()™ (¢ )dt>( )
3

for all k =1,2,...,m, where x € [0, 1[. Then, we construct them by the linear
combination of Walsh functions.

This requires the introduction of the following matrix notations. First,
define the vectors

Ck = (ChosChi1y -+ s Chon_1) | and  w(z) := (wo(x), w1 (x),. .., wen_1(zx))"

Then y,(cn) (z) = w(z) "ck. Let pr. and qx be the vectors formed by the Walsh—
Fourier coefficients of the functions pj; and g, respectively. Therefore, the ith
component of vectors px, and g are

1 1

_ / prawi(t)dt  and  Gn; = / it

0 0
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The concept of partial sums of Walsh—Fourier series means that
Sonpri(z) = w(z) pra and Sonqr(z) = w(z) q.
With the vectors px,1 we construct the matrix

— 2" —1
Py = (pkl )
5 iDj ij= 0

where ¢ @ j is the dyadic sum of the integers ¢ and j. Note that ng\l is the
dyadically circulant matrix generated by the coefficients of Sonpy, () (see [12]).
In addition, denote eg := (1,0,...,0)T the first unit vector of size 2". Since
wo(x) =1 for all = € [0, 1] we have 7, = w(z) "nreo.

With the matrix notations above (see also the definition of jg in the previous
section) the discretized integral equations (2.5) can be written as follows

w(z) ek = i, + Son (/ ( Tak - iw Tpraw( )TC1> dt) (z) =
3
= g + Son () "qe —w(t)" 3 ]3\,0 dt> () =
e (E/ ('w ax — w ; e 1)
(31) = ’U)(CC) Nk€o + Sgn (/’UJ dt) <qk — Z Pk lC1> =

— () "o + () T (i - 3 Prier) =

=1
m
= 'w(x)T (nkeo + j\g ((/li — ZPk,lc1)> .
=1

at every point of [0, 1[. In the equation above we used the following result

m m 2" —1 2" —1
> wt) prawt) e =Y [ D Perwe(t) > ajwi(t) | =
=1 =1 r=0 7=0

on

|
A

o
Pici,.c1,jwr (w; () =Y Z Pk,1,C1,jWra; () =
I=1 r,j=0

=1 r,j=0

m
§ 1$]Cl,jwz - E k:lcl

by the fact that the dyadic sum is a group operation and if ¢ = r & j then
1=0,1,....,2" —land r=1& .

||P”13
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Both sides of the equation (3.1) are Walsh polynomials, hence their coeffi-
cients are the same, that is

m
cx = ke + J; (C/ﬁ - Zpk,lq) :
=1

This can be written as follows

m
(3.2) ck + Z ngPk,lcl = k€0 + jg@
1=1
Taking into consideration that (3.2) is valid for all £ = 1,2,...,m, we have

obtained a linear system of m2™ equations involving the variables

61,0701,17 s 701,2"713 62,0702,17 s 702,2"713 ey Cm,Oa Cm,l» sy Cm,?”’fl-

In order to write this linear system in only one matrix equation denote by ¢
the vector formed by the variables above, by J¢ the Kronecker product of the
identity matrix of size m and j\g, and by 1 the Kronecker product of n and egq.
We also denote the following block matrices

—_— —_— —_—

P171 PLQ PLm é\l

—_— —_— —_— ~
. P271 P272 . P27m q2
P = and q:=

—_— —_— —_— —

Pml Pm,2 Pm,m dm

s

Finally we denote by Z the identity matrix of size m2™. Then, the linear system
which gives us the coefficients of the numerical solution is

(3.3) (Z+7J P)e=n+ 7/ 4.
3.2. The iterative method

The disadvantage of the construction of the Walsh polynomials by its coef-
ficients is the requirement of solving a liner system with a very large number
of equations. In addition, we must construct the Walsh polynomials with the
computed coefficients. The amount of time required for these computations
would really be large if we try to obtain a high accuracy. In this section we
propose a faster method for directly getting the values of the numerical solution
without needing to solve the linear systems and generate Walsh polynomials.



326 R. Toledo

The method is based on the fact that the numerical solution ¥,, is constant on
the dyadic intervals of length 277", i.e. for all : =0,1,...,2" — 1 we have

_ _ [ B} 1+1
70(@) = 7 (57) (Wsm > )

The point is to calculate iteratively the value of all @n(z%) starting from the
value of 7,,(€). First, we generalize Lemma 1 of [12].

Lemma 3.1. Suppose f: [0,1[— R™ is constant on the dyadic intervals of

length 27" and i* is the integer such that < &< "*;;1. Denote

da(€) = i* - 2”5+1

For z € [0,1[ let i be the integer such that 5= < x < 5. Then

dn(g) f(T) i = 7:*7
/ dn (E)+3 ./ 4% =S j 1 i . -
szn< / f(t)dt)m_ 2f<ﬁ>+ﬁj:;“f<;7>+mf<ﬁ>, P>,
3 n it 1 7 . 3
O3 piny - CIICORE S CONEE

Rt

Proof. The operator Sa» f is linear, therefore

32n< / (1) dt> (@) =52n< / F()dt — /5 ) dt) () =
3
—Szn</f dt) /f

The first term was studied in [11] where it was proved that

52 (0/f(t> dt) 2% > (2n) * 2n1+1f(2in)'

Jj=

Since f is constant on the dyadic intervals of length 27", the second term is
J+1

£ it 2T ¢ i*—1 . . .
[roa=Y [ swws [roa= LY (Z) v s(5) e o) -
g = & T

i*—1 . 1 .
=5 2G0T (5)
Subtracting the results above we obtain directly the statement of the lemma.
|
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In the lemma above we introduce the number d,,(§) for which is easy to see
that —3 < d, () < 5 and £ = 3 if and only if £ can be written of the form

£= 5.
Now back to the discretized integral equation (2.4), that is

Up() =1+ Son (/(Szn () = Sanp(t)y, (1)) dt)( ) (ze01)).

3

Note that functions appeared in the integral function are constant on the dyadic
intervals of length 27", therefore we may directly apply the lemma on these
equations to obtain the following cases:

e if 4 = 4* then

() e 59 (sealf) - en(e ) ()

e if 4 > i* then

() 0 S (sal) - sen( ) (5))

e if i < i* then

() <7+ S (s - sen()m 5)

Consequently,

e if i = 4* then

(2 5 s(50) )3 (35) =0+ 57 8055,
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if 4 > i* then

S (s ) (L) () + ()

(1= ghes))5. ) =

5 (sma() - s )()) -
o 3 (Sral3) - Sn(3)n(3)) - el

j=i+

where Z is the identity matrix of size m.

These formulae give us the following bidirectional iterative method to obtain
the values of the numerical solution 7,,.

The method starts with the calculation of the values of the vector yn(;—*)
solving the linear system related to the case ¢ = i*.

With the values of 7, (& ) we solve the linear system related to the case

7.2—7&:1).

i > i* for i =i* + 1 to obtain the vector 7, (

With the values of 7,, () and 3, (‘5t1) we solve the linear system related

to the case i > i* for ¢ = ¢* + 2 to obtain the vector yn(l;f).

We follow the process above for i =i*4+3,7*+4,...,2" — 1 to obtain the
VeCtOI‘S y7l( 2n ) gﬁ(12t4)7 "7?’"(2 "1)

if #* > 1 then with the values of yn(i*zl) we solve the linear system

related to the case i < i* for i = i* — 1 to obtain the vector 7, (5:1).

With the values of 7, (4 ) and yn(
to the case ¢ < ¢* for ¢ =" — 2 to obtam the vector 7, (% :2).

—1) we solve the linear system related

We follow the process above for i = ¢* — 3,¢* —4,...,0 to obtain the
vectors 7, (57> 3, 7, (4 2n4),. . ,7,(0).

In every step we must solve a linear system of of m variables and m equations.
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4. Implementation of the iterative method in Matlab

4.1. Code implementation

In Matlab it is not difficult to implement the iterative algorithm using a
vectorized code. The following Matlab function expects the value of n and
the parameters of the differential equation in matrix form, and it returns a
matrix having in its rows the value of the members of the numerical solution
on the dyadic intervals of length 27™. It also returns the left endpoints of these
intervals. Note that the passed matrix function PNumF and vector function
gNumF should be defined as a function handle for which the use of the built-
in function matlabFunction may result very useful if we are working with
symbolic expressions.

10 eta: exact values at the initial point

11 atol: absolute tolerance used only for numerical integration

1 function [x,yNum]=odeLinWalsh (n, PNumF, gNumF, xi,eta,atol, rtol)
2 % Solving linear initial value problems using Walsh functions
3 % by the iterative method

4

5 % Input variables

6 % n: it sets the dimension of the solution

7 % PNumF: matrix of coefficients (function handle)

8 % gNumF: vector of free terms (function handle)

9 % xi: initial point

12 rtol: relative tolerance used only for numerical integration
13

14 % Auxiliary variables

15 dim = 2°n; % dimension of the solution
16 m = length(eta); % number of equations

17 1iStart = floor (xixdim)+1; % index of the initial point
18 dev = iStart-dimxxi; % dev = d.n(xi)-1/2

19 Id = eye(m); identity matrix of size m

20
21 % Output variables

22 yNum = zeros (m,dim); values of the numerical solution
23 x = 0:1/dim:1-1/dim;

24

o° oP

left endpoints of diadic intervals

25 % Computation of the integral means
26 FSp = cell(l,dim);
27 FSgq = cell(l,dim);

28 for i = 1l:dim

29 FSp{i} = integral (PNumF, (i-1)/dim, i/dim, 'ArrayValued', true, ...
30 'AbsTol',atol, '"RelTol"',rtol);

31 Fsqg{i} = integral (gNumF, (i-1)/dim,i/dim, 'ArrayValued', true, ...
32 'AbsTol',atol, 'RelTol',rtol);

33 end
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34

o

35 Value at the starting index

36 A = Id+(dev-1/2)«FSp{istart};
37 b = eta+(dev-1/2)«FSg{istart};
38 yNum(:,iStart) = linsolve(A,Db);

39
40 % Forward computations
41 szum = eta+devx (FSq{iStart}-FSp{iStart}+yNum(:,iStart));

42 for k = iStart+l:dim

43 A = Id+1/2«FSp{k};

44 b = szum+1/2xFSq{k};

45 yNum(:,k) = linsolve(A,Db);

46 szum = szum+FSqg{k}-FSp{k}*yNum(:, k) ;
47 end

18
49 % Backward computations
50 szum = eta+ (dev-1)« (FSqg{iStart}-FSp{iStart}»yNum(:,iStart));

51 for k = iStart-1:-1:1

52 A = Id-1/2xFsp{k};

53 b = szum-1/2xFSq{k};

54 yNum(:,k) = linsolve(A,Db);

55 szum = szum-FSg{k}+FSp{k}*yNum(:, k);
56 end

57 end

4.2. The modified solution

Let us see an example: consider the problem

yi - 2y1 + Y2 2— €, yl(o) = la

T+ 2

2
Yo+ Ay — ——yp = we’ + 4, y1(0) =4

2

on the interval [0,1]. It is not hard to verify that the exact solution of the

problem is

Y1 () :e%a Yo () =4 -z

After executing our algorithm for n = 4 we obtain the result illustrated in the

following graphs.
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To provide more details about the approximation we divide the interval [0, 1]
in subintervals of length %, and we compute the maximal difference between
the exact and the numerical solution on these intervals for different values of
n. The results appear in the following two tables. Observe that the maximal

difference is reduced almost by half when the value of n increases by one.

Maximal difference with respect to y;

no|l fo.50 | (o3l | (&80 | (850 | (580 | (&30 | [§ 5[ | [§:1]

1 || 1.01e+00 | 7.24e-01 | 3.60e-01 | 7.10e-01 | 3.35e+00 | 2.58e+00 | 1.59e+00 | 1.32e+00
2 || 3.34e-01 | 3.15e-01 | 5.76e-01 | 4.94e-01 | 9.91e-01 | 7.72e-01 | 1.70e+00 | 1.20e+00
3 || 1.48e-01 | 1.86e-01 | 2.41e-01 | 3.13e-01 | 4.06e-01 | 5.26e-01 | 6.83e-01 | 8.86e-01
4 || 7.58e-02 | 9.78e-02 | 1.26e-01 | 1.63e-01 | 2.10e-01 | 2.72e-01 | 3.51e-01 | 4.53e-01
5 || 3.90e-02 | 5.02e-02 | 6.46e-02 | 8.32e-02 | 1.07e-01 | 1.38e-01 | 1.78e-01 | 2.29e-01
6 || 1.98e-02 | 2.54e-02 | 3.27e-02 | 4.20e-02 | 5.41e-02 | 6.956-02 | 8.94e-02 | 1.15e-01
7 || 9.96e-03 | 1.28e-02 | 1.64e-02 | 2.11e-02 | 2.71e-02 | 3.49e-02 | 4.486-02 | 5.76e-02
8 || 5.00e-03 | 6.42e-03 | 8.25e-03 | 1.06e-02 | 1.36e-02 | 1.756-02 | 2.24e-02 | 2.88e-02
9 || 2.50e-03 | 3.21e-03 | 4.13e-03 | 5.30e-03 | 6.81e-03 | 8.75e-03 | 1.12e-02 | 1.44e-02
10 || 1.25¢-03 | 1.61e-03 | 2.07e-03 | 2.65e-03 | 3.41e-03 | 4.37e-03 | 5.62¢-03 | 7.21e-03

Maximal difference with respect to ys

n |l sl | (a0 | (&80 | (830 | (5,80 | [0 | [§8[ | [&1

1 || 1.17e-01 | 1.02e-01 | 5.50e-02 | 1.33e-01 | 5.12e-01 | 3.72e-01 | 2.00e-01 | 2.38e-01
2 || 2.91e-02 | 3.34e-02 | 9.01e-02 | 9.74e-02 | 1.61e-01 | 1.52e-01 | 2.56e-01 | 1.82e-01
3 || 8.11e-03 | 2.43e-02 | 4.02¢-02 | 5.56e-02 | 7.04e-02 | 8.776-02 | 1.07e-01 | 1.29e-01
4 || 5.97e-03 | 1.39e-02 | 2.18e-02 | 2.95e-02 | 3.71e-02 | 4.556-02 | 5.436-02 | 6.37e-02
5 || 3.45e-03 | 7.38e-03 | 1.13e-02 | 1.52¢-02 | 1.91e-02 | 2.31e-02 | 2.73e-02 | 3.16e-02
6 || 1.84e-03 | 3.80e-03 | 5.75e-03 | 7.70e-03 | 9.65¢-03 | 1.16e-02 | 1.37e-02 | 1.57e-02
7 || 9.48e-04 | 1.93e-03 | 2.90e-03 | 3.88e-03 | 4.85e-03 | 5.84e-03 | 6.83e-03 | 7.84e-03
8 || 4.81e-04 | 9.69e-04 | 1.46e-03 | 1.95e-03 | 2.43e-03 | 2.92e-03 | 3.42¢-03 | 3.91e-03
9 || 2.42e-04 | 4.86e-04 | 7.30e-04 | 9.74e-04 | 1.22¢-03 | 1.46e-03 | 1.71e-03 | 1.956-03
10 || 1.22¢-04 | 2.44e-04 | 3.66e-04 | 4.886-04 | 6.10e-04 | 7.32e-04 | 8.54e-04 | 9.77e-04
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Most of the numerical method for solving differential equations determine
the value of the solution at some points and use linear interpolation to calculate
the solution at other points. In this regard we modify our proposed numerical
solution as follows. Our original solution consists of a step function which
is constant on dyadic intervals. From now on, we only keep the value of the
solution at the middle of these intervals, and then we use linear interpolation to
connect these points. But the first half of the first interval and the second half of
the last interval fall outside. We continue straight the line of the interpolation
next to these half intervals to extend the interpolation to the whole interval
[0, 1], unless the initial value is at &€ = 0. In this case we ad the point (£,7) to
the set of interpolation points.

In the way described above we get a broken line, consisting of little straight
line segments. We call it the modified solution of our method. This modifi-
cation increase significantly the accuracy of the approximation. The maximal
difference between the exact and the modified solution reveals this fact. Ob-
serve in the table below that now the maximal difference is reduced by almost
a quarter when the value of n increases by one.

Maximal difference with respect to y;

n |l sl | (55l | (580 | (850 | [5.80 | [&30 | [§.3[ | [&1]

1 || 2.20e-01 | 3.60e-01 | 9.07e-01 | 1.32e+00 | 1.56e+00 | 1.61e+00 | 1.59e+00 | 1.33e+00
2 5.00e-02 1.31e-01 1.36e-01 2.49e-01 2.61e-01 | 4.66e-01 | 4.90e-01 | 4.32e-01
3 || 2.23e-02 | 3.09e-02 | 4.27e-02 | 5.86e-02 | 8.01e-02 | 1.09e-01 | 1.48e-01 | 1.50e-01
4 5.50e-03 | 7.63e-03 1.05e-02 1.44e-02 1.97e-02 | 2.69e-02 | 3.65e-02 | 4.26e-02
5 || 1.37e-03 | 1.90e-03 | 2.62e-03 | 3.60e-03 | 4.91e-03 | 6.69e-03 | 9.08e-03 | 1.14e-02
6 3.42e-04 | 4.75e-04 | 6.55e-04 | 8.98e-04 | 1.23e-03 1.67e-03 | 2.27e-03 | 2.96e-03
7 || 8.55e-05 | 1.19e-04 | 1.64e-04 | 2.24e-04 | 3.07e-04 | 4.18e-04 | 5.67e-04 | 7.54e-04
8 2.14e-05 | 2.97e-05 | 4.09e-05 | 5.61e-05 | 7.67e-05 1.04e-04 | 1.42e-04 | 1.90e-04
9 || 5.35e-06 | 7.42¢-06 | 1.02e-05 | 1.40e-05 | 1.92e-05 | 2.61e-05 | 3.54e-05 | 4.78e-05
10 1.34e-06 1.86e-06 | 2.56e-06 | 3.51e-06 | 4.79e-06 | 6.52e-06 | 8.86e-06 1.20e-05

Maximal difference with respect to ys

no|l o050 | [soal | (&80 | [R50 | (580 | [&30 | [3.%[ | [&:1]

1 4.31e-02 | 5.52e-02 1.38e-01 1.90e-01 2.10e-01 2.11e-01 2.00e-01 1.58e-01
2 1.36e-02 | 2.84e-02 | 2.83e-02 | 3.18e-02 | 3.20e-02 | 5.20e-02 | 5.62e-02 | 5.25e-02
3 || 7.26e-03 | 7.25¢-03 | 6.86e-03 | 7.29e-03 | 8.66e-03 | 1.14e-02 | 1.61e-02 | 1.666-02
4 1.88e-03 1.81e-03 1.70e-03 1.78e-03 | 2.10e-03 | 2.75e-03 | 3.87e-03 | 4.73e-03
5 4.78e-04 | 4.51e-04 | 4.25e-04 | 4.44e-04 | 5.22e-04 | 6.81e-04 | 9.60e-04 | 1.28e-03
6 1.21e-04 | 1.13e-04 | 1.06e-04 | 1.11e-04 | 1.30e-04 | 1.70e-04 | 2.39e-04 | 3.35e-04
7 || 3.04e-05 | 2.82e-05 | 2.65e-05 | 2.77e-05 | 3.26e-05 | 4.25e-05 | 5.98e-05 | 8.576-05
8 7.61e-06 | 7.05e-06 | 6.63e-06 | 6.92e-06 | 8.14e-06 1.06e-05 1.49e-05 | 2.17e-05
9 || 1.90e-06 | 1.76e-06 | 1.66e-06 | 1.73e-06 | 2.04e-06 | 2.65e-06 | 3.74e-06 | 5.46e-06
10 4.77e-07 | 4.40e-07 | 4.14e-07 | 4.33e-07 | 5.09e-07 | 6.63e-07 | 9.34e-07 1.37e-06
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Let us just do a quick comparison with other classical numerical methods,
namely the Euler’s, the midpoint and the classical Runge-Kutta method. We
compare the maximal differences between the exact and these numerical solu-
tions on the whole interval [0, 1]. The results appear in the table below, where
n means that the step size is h = 27"™. We note that the accuracy of the
modified solution is similar to those of midpoint method.

Maximal differences on the interval [0, 1]

Modified Euler Midpoint Runge—Kutta
" Y1 Y2 Y1 Y2 Y1 Y2 Y1 Y2
1 1.61e+00 | 2.11e-01 | 3.44e+00 | 5.13e-01 1.19e+00 | 2.00e-01 | 5.38e-01 | 6.30e-02
2 4.90e-01 | 5.62e-02 | 2.38e+00 | 3.94e-01 | 4.36e-01 | 8.81e-02 1.77e-01 1.57e-02
3 1.50e-01 1.66e-02 1.47e+00 | 2.63e-01 1.33e-01 | 2.79e-02 | 5.07e-02 | 3.91e-03
4 4.26e-02 | 4.73e-03 | 8.33e-01 | 1.56e-01 | 3.69e-02 | 7.79e-03 | 1.35e-02 | 9.77e-04
5 1.14e-02 1.28e-03 | 4.46e-01 | 8.44e-02 | 9.67e-03 | 2.05e-03 | 3.50e-03 | 2.44e-04
6 2.96e-03 | 3.35e-04 | 2.31e-01 | 4.42e-02 | 2.48e-03 | 5.26e-04 | 8.88e-04 | 6.10e-05
7 7.54e-04 | 8.57e-05 1.18e-01 | 2.26e-02 | 6.27e-04 1.33e-04 | 2.24e-04 1.53e-05
8 1.90e-04 | 2.17e-05 | 5.94e-02 1.14e-02 1.58e-04 | 3.35e-05 | 5.62e-05 | 3.81e-06
9 4.78e-05 | 5.46e-06 | 2.99e-02 | 5.75e-03 | 3.95e-05 | 8.40e-06 1.41e-05 | 9.54e-07
10 1.20e-05 | 1.37e-06 | 1.50e-02 | 2.88e-03 | 9.88e-06 | 2.10e-06 | 3.52e-06 | 2.38e-07

It is important to note that our algorithm runs rather fast in spite of com-
puting 2" number of integrals. For instance, the calculation for n = 10 were
made in 0.751 seconds, while for n = 4 only 0.013 seconds were necessary.

4.3. Solving a stiff problem

Let us see another example: consider the problem

, 806 1194

ovb LR -1

Vit e g vz =0 y1(0) =1,
707 1204

Yy — To T o 2= 0, y1(0) = 4.

on the interval [0, 1]. The exact solution of the problem is
y1($) —=3e % — 2672001” yz(-T) =2 % 4 2672001"

Both are functions with a very high slope in a neighborhood of the point z = 0.
The following graphs show us the result of the approximation of the modified
solution for n = 4.
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Modified solution

n=4

Modified solution

Y, =3*exp(-x) - 2*exp(-200*x),

y2=2*exp(-x) + 2*exp(-200*x), n=4

olmt

As a consequence of this behavior, the maximal difference does not decay
as rapid as we saw in the section above. This is seen clearly in the following
tables.

Maximal difference with respect to 11

n |l sl | (53l | (580 | (850 | [5.80 | (830 | [§.5[ | [§1]

1 || 1.80e+00 | 9.67e-01 | 7.81e-02 | 9.96e-02 | 1.00e-01 | 9.27e-02 | 6.06e-02 | 6.75e-02
2 || 1.67e+00 | 5.77e-02 | 8.32e-02 | 8.32e-02 | 5.82e-02 | 5.82e-02 | 6.46e-02 | 9.536-02
3 || 1.46e+00 | 1.30e-01 | 1.04e-01 | 9.43e-02 | 7.59¢-02 | 6.81e-02 | 5.54e-02 | 9.43e-02
4 || 1.18e+00 | 1.44e-01 | 7.50e-02 | 3.91e-02 | 2.03e-02 | 1.05e-02 | 5.41e-03 | 3.26e-03
5 || 8.28e-01 | 3.39e-02 | 2.17e-03 | 5.20e-04 | 3.76e-04 | 3.11e-04 | 2.60e-04 | 3.68e-04
6 || 4.85e-01 | 1.62e-04 | 1.31e-04 | 1.10e-04 | 9.26e-05 | 7.76e-05 | 6.49e-05 | 9.09e-05
7 || 2.57e-01 | 3.87e-05 | 3.27e-05 | 2.75e-05 | 2.31e-05 | 1.94e-05 | 1.62e-05 | 2.26e-05
8 || 1.26e-01 | 9.68e-06 | 8.17¢-06 | 6.88e-06 | 5.78¢-06 | 4.85¢-06 | 4.056-06 | 5.63¢-06
9 || 4.73e-02 | 2.42¢-06 | 2.04e-06 | 1.72e-06 | 1.45¢-06 | 1.21e-06 | 1.01e-06 | 1.40e-06
10 || 1.49¢-02 | 6.056-07 | 5.116-07 | 4.30e-07 | 3.62e-07 | 3.03e-07 | 2.53e-07 | 3.50e-07

Maximal difference with respect to ys

n |l sl | (550 | [&80 | (830 | [5.80 | (830 | [§.8[ | [&1]

1 || 1.81e+00 | 1.05e+00 | 8.67e-02 | 8.54e-02 | 6.77e-02 | 3.10e-02 | 9.06e-02 | 1.72e-01
2 || 1.68e+00 | 8.97e-02 | 6.29e-02 | 6.29¢-02 | 7.05e-02 | 7.056-02 | 5.78e-02 | 1.42e-01
3 || 1.47e+00 | 1.23e-01 | 1.10e-01 | 8.98e-02 | 7.94e-02 | 6.54e-02 | 5.74e-02 | 1.05e-01
4 || 1.18e+00 | 1.45e-01 | 7.65e-02 | 4.03e-02 | 2.12¢-02 | 1.12e-02 | 5.95¢-03 | 5.786-03
5 || 8.28e-01 | 3.43e-02 | 2.56e-03 | 3.49e-04 | 2.42e-04 | 2.07e-04 | 1.73e-04 | 2.45e-04
6 || 4.85e-01 | 1.03e-04 | 8.72¢-05 | 7.34e-05 | 6.17e-05 | 5.17e-05 | 4.32e-05 | 6.06e-05
7 || 2.57e-01 | 2.58e-05 | 2.18e-05 | 1.84e-05 | 1.54e-05 | 1.29e-05 | 1.08e-05 | 1.51e-05
8 || 1.26e-01 | 6.45e-06 | 5.45¢-06 | 4.59¢-06 | 3.86e-06 | 3.23e-06 | 2.70e-06 | 3.75e-06
9 || 4.73e-02 | 1.61e-06 | 1.36e-06 | 1.15e-06 | 9.64e-07 | 8.08e-07 | 6.76e-07 | 9.36e-07
10 || 1.496-02 | 4.03e-07 | 3.40e-07 | 2.87e-07 | 2.41e-07 | 2.02e-07 | 1.69e-07 | 2.33e-07
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Note that the results of the approximation are as expected outside the
interval [0, £]. The significance of this observation is the fact that for this
problem many of the classical numerical methods fail in a neighborhood of
the point = 1 using the step size h = 27%. For instance, with the classical
Runge-Kutta method we obtain the very huge maximal difference of 2.39e+46.

We can solve the problem in Matlab using the built-in function ode23s
which is based on a modified Rosenbrock formula of order 2. It is a low order
method to solve stiff differential equations. With a tolerance of 0.001 we obtain
the following approximation based on 27 non-equidistant points.

Maximal difference using ode23s with tolerance 0.001

n |l O.50 | (550 | (380 | (830 | (580 | (840 | [&:8[ | [§1]
Y1 8.12e-03 | 3.23e-03 | 2.47e-03 | 2.15e-03 | 1.88e-03 | 1.63e-03 | 1.23e-03 | 1.06e-03
Y2 8.12e-03 | 2.16e-03 | 1.65e-03 | 1.44e-03 | 1.25e-03 | 1.09e-03 | 8.20e-04 | 7.10e-04

The results are comparable to those of the modified method for n = 5,

except on the interval [0, %]

4.4. An example with discontinuities

Finally we solve a problem with discontinuous and unbounded functions.
Consider the problem

222 + 3, x < i 3 4

y1+ay + V1 —xys = _3 vi() =%
2 Y, > 1
2

SO ==l T A S ) -1
b2 z, >3, u vlfny_ 21—z’ 1) T2

on the interval [0, 1]. Note that all functions above are integrable on [0, 1]. The
generalized concept of solution (see [8]) leads us to solve the related integral
equation. The exact solution is

2e+1, z<1i
yi(z) = {1 e ? yo(z) =V1—x (z €10,1]).
T 29

Note that y; is continuous, but not differentiable at = = % The following
graphs illustrate the approximation of the modified solution for n = 4.



336

R. Toledo

Modified solution

Modified solution

y1=@(x)(2*x+1).*(x<=0.5)+1./x.*(x>0.5), n=4
2 : : : :

1.6

1.4

1.2

0.8

0.6

y2=@(x)sqrt(1 -X), n=4

w0

-

We can see that the accuracy of the approximation is worst in a neighbor-
hood of the points = = % and z = 1 with respect to other points. This is due
to the discontinuity of the functions py; and ¢ at = =
functions ps 2 and ¢y are not bounded in a neighborhood of z = 1. This fact is
shown in the following tables.

Maximal difference with respect to y;

% and also that the

n |l (050 | [5:40 | (580 | (330 | (580 | (830 | [&:&50 | [&1]

1 || 2.94e-01 | 1.93e-01 | 4.36e-01 | 6.80e-01 | 6.80e-01 | 2.73e-01 | 1.97e-01 | 3.47e-01
2 || 8.93e-03 | 9.30e-03 | 9.68e-03 | 2.84e-01 | 2.84e-01 | 9.25e-02 | 8.71e-02 | 8.20e-02
3 || 2.16e-03 | 2.25¢-03 | 2.36e-03 | 1.60e-01 | 1.60e-01 | 3.44e-02 | 1.92e-02 | 1.22e-02
4 || 5.33e-04 | 5.57e-04 | 5.86e-04 | 8.62e-02 | 8.63e-02 | 8.30e-03 | 4.67e-03 | 2.88e-03
5 || 1.33e-04 | 1.39e-04 | 1.46e-04 | 4.49e-02 | 4.49e-02 | 2.06e-03 | 1.16e-03 | 7.15e-04
6 || 3.32e-05 | 3.47e-05 | 3.65e-05 | 2.29e-02 | 2.29e-02 | 5.14e-04 | 2.90e-04 | 1.78e-04
7 || 8.30e-06 | 8.68e-06 | 9.13e-06 | 1.16e-02 | 1.16e-02 | 1.28e-04 | 7.23e-05 | 4.46e-05
8 || 2.08e-06 | 2.17e-06 | 2.28e-06 | 5.83e-03 | 5.83e-03 | 3.21e-05 | 1.81e-05 | 1.11e-05
9 || 5.19e-07 | 5.43e-07 | 5.70e-07 | 2.92e-03 | 2.92e-03 | 8.02e-06 | 4.52e-06 | 2.79e-06
10 || 1.30e-07 | 1.36e-07 | 1.43e-07 | 1.46e-03 | 1.46e-03 | 2.00e-06 | 1.13e-06 | 6.96e-07

Maximal difference with respect to ys

n )l o8l | (55l | (&80 | (830 | [5.80 | (&30 | [§8[ | [&1

1 || 5.28e-02 | 2.52e-02 | 1.42e-02 | 2.28e-02 | 2.34e-02 | 2.02e-02 | 5.43e-02 | 3.15e-01
2 || 1.75e-02 | 8.21e-03 | 5.35¢-03 | 5.35e-03 | 6.33e-03 | 7.38e-02 | 1.09e-01 | 1.09e-01
3 || 4.12e-03 | 1.80e-03 | 1.47e-03 | 1.15e-03 | 3.34e-03 | 8.49e-03 | 5.29e-02 | 7.50e-02
4 || 1.01e-03 | 4.71e-04 | 3.86e-04 | 3.09e-04 | 8.24e-04 | 1.99e-03 | 6.24e-03 | 5.23e-02
5 || 2.50e-04 | 1.21e-04 | 9.89¢-05 | 7.96e-05 | 2.056-04 | 4.91e-04 | 1.46e-03 | 3.67e-02
6 || 6.21e-05 | 3.05e-05 | 2.50e-05 | 2.02e-05 | 5.13e-05 | 1.22e-04 | 3.60e-04 | 2.59e-02
7 || 1.55e-05 | 7.68e-06 | 6.29e-06 | 5.09e-06 | 1.28e-05 | 3.05e-05 | 8.98e-05 | 1.83e-02
8 || 3.86e-06 | 1.93e-06 | 1.58e-06 | 1.28e-06 | 3.20e-06 | 7.63e-06 | 2.24e-05 | 1.29e-02
9 || 9.65e-07 | 4.83e-07 | 3.95e-07 | 3.20e-07 | 8.01e-07 | 1.91e-06 | 5.60e-06 | 9.15e-03
10 || 2.41e-07 | 1.21e-07 | 9.89¢-08 | 8.00e-08 | 2.00e-07 | 4.77e-07 | 1.40e-06 | 6.47e-03
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In case of y; the maximal difference is reduced almost by half on the in-
terval [ o 8[ when the value of n increases by one. With respect to yo the
maximal difference slowly decays on the interval [g, [ On the other intervals
the maximal difference is reduced almost by a quarter as expected.

5. Proofs of the theorems

5.1. The existence of the numerical solution

In this section we prove Theorem 2.1, that is, we show that the numerical
solution always exists, except for finitely many numbers of n. To this end, we
going to study the solvability of the linear systems in the steps of the iterative
method. It depends on whether the matrices

7+ dn (g)SQn;D(;n) (for i =4"),
(5.1) T+ 2n+1$2 wp(gr)  (ori> i),

71— 2n+152 p(Q.n) (for 7 < i")

are non-singular.
The entries of the matrix

7
2732 b (2")
tend uniformly to zero if n tends to infinity. Indeed, for every integrable func-
tion f the integral function

F(x) = /p(t) dt

0

is continuous on the closed interval [0, 1], hence F is also uniformly continuous.
Therefore, for all € > 0 exists a 6 > 0 such that for arbitrary zq1,z2 € [0, 1]
if |$1 — x9| < 0 then |F(x1) — F(x2)| < e. Thus, if ng is an index such that
< § holds, then

Fon ! \/f o= [ (5) - # ()] <

foralln > ngand i =0,1,...,2" — 1. Since Sa»p is composed of finitely many
numbers of integrable functions, the sequence

(5.2) Ln = max {2% Sgnpk’l(%)

2"0

0<i<2m
1<k,1<m

}HO (if n — o0).
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On the other hand, |d, ()] < 1. This means that all matrices in (5.1) are

"nearly identity” matrices. More precisely, there exists a positive integer ng
such that if n > ng, then for all matrices in (5.1) the absolute value of the diag-
onal entry in a row is larger than the sum of the absolute values of all the other
entries in that row. Matrices having this property are called strictly diagonally
dominant matrices. However, these matrices are non-singular. This result is
known as the Levy—Desplanques theorem. Consequently, all matrices in (5.1)
are non-singular, except for finite many values of n. This proves Theorem 2.1.

5.2. The uniform convergence of the numerical solution

The analysis of the approximation will be done according to the estimation

(5.3) ly(z) =¥, (@) || < 152 y(@) — y(@)|| + [[S2ny(2) — ¥, ().
First, recall that every member of the solution y is a continuous function on
the interval [0, 1]. Hence the solution y has finite modulus of continuity and

[Sony(z) —y(@)| Swny  (z €[0,1]).

Therefore, the first addend of the right hand side of (5.3) tends uniformly to
zero. For the estimation of the second addend we introduce the function

zn(2) =Yy (x) = Sany(z) (€0, 1]).
By ( ) and (2.2) we obtain

=n+ San (/ (Sanq(t) — Sanp(t)y, (1)) d >( )=

— Son <17 - P)y(t)) dt) (z) =

= Son </ (San t) — q(t)) dt> — Son </ Sznp ) (t) dt) (:L‘)+
13
S ( / Samp(t) (y(t) — Sany(t)) dt) (2) — San < / Samp(t)2n (t) dt> (2).
1S

For simplicity we use the notation

mn (z) :=San </(Sznq(t) —q(t)) dt> () — San (/(Sznp(t) — P()y(®) dt> (z)+
(5.4) ¢ ¢

+San </Sznp(t)(y(t) - Szny(t))dt> (@),
therefore )

(5.5) 2n(x) = mn(z) — Son </Sznp(t)zn(t) dt) ().
13
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{ < ©4£1 holds. For an

Let ¢* be the positive integer such that = o
< z < ZL holds. Since

x € [0, 1] denoted by i the positive integer such that o < o
Zp is constant on these intervals, it is sufficient to consider only the values of
Zn(57) fori=10,1,...,2" — 1. Lemma 5.1 proves that

* *

() = (7 2sen(35)) mal55)
Z"(zin> - (I+ 2n+182 p(;))l( <2n> S ( :1:[ (I pgﬂ)))'ogn)mn(;l))

J=i*

for all 7 > i*, and
' -1 ; i il ]
zn(2in> - (Z 2n+1 PSRl p(2 >> <mn(21"> 7]'221'—:0-1 (5:111 (Zi Pgn)»Pgn)mn(;n))’

for all 7+ < i*, where

MSan<é*) (IJr dn(é) San P(£>>_1’ =1,

2n 2n
(56) pE") - 782711;(22‘71) (I+ on+1 JnFT o p(Qin))_l’ P>
. . 1
2782 p(zzn> (I 2n+1$2 p(zzn)) ' P

In Section 5.1 we proved the existence of the inverse matrices above with the
exception of finitely many values of n.

For the estimation of the norm of z, we introduce the sequence
M, = Wn q + ”y”oow§bl P +2mLpwny,

where w,(zl)q and wfll)P denote the dyadic L' modulus of continuity of the vector
of functions ¢(x) and the matrix of functions P(z) respectively, and w,,y denotes
the dyadic modulus of continuity of the exact solution y(x) (see Section 2.2).
Moreover, in the definition of M,,, m is the number of equations in the initial
value problem (2.1),

Iyl = max (@)1}

1 3 1
02}%& 2n 27 Pkl (Qn)
1<k, i<m
was already introduced in (5.2). Note that M, tends to zero if n tends to
infinity.
Lemma 5.2 ensures that |[m, (5)|| < M, for alli =0,1,...,2" — 1. By the
basic properties of the norms and Lemma 5.3 we obtain directly from Lemma

5.1 that ‘ »
)] = (2 5P 50))

and
L, =

M, < 2M,,.
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Moreover, if ¢ > i* then

Jj=i* Ss=j+1
= i—1
=2 (1 * Z ”p(n)ll H (1 + Hpgn)‘O) =2M,, H (]_ + Hp(n)”)

s=j+1 j=u*

In the calculations above we use the equality

i—1 i—1 i—1
1+ 3060 TT (1 +1e8”0) = TT (1+165™)

J=i* s=j+1 Jj=t

which can be easily proved by using iteratively the transformation

i—1
1+Z||p<”>|| IT (1+0e571) = 1+ 16", H+Z|Ip(”>ll I (1+1s870) =

s=j+1 s=j+1
1—2
=1+ o 1+ (14 1o 1) an(")n IT (1+1e71) =
s=j+1
1—2 i—2
= @+ 1o {1+ X2 oS0 TT (1+1e80) |-
j=i* s=j+1

In the same way we obtain for i < ¢* that

2—)“ <2M, H (1+1651)

j=i+1

According to the definition of p™

?

B ey <

in (5.6) by Lemma 5.3 we have

1 i
—Sonp(— || <2 P(t)|| dt
353 < /|| Dl

since 0 < d,,(€) + 3 < 1. Similarly, for i # i* we have

(M) <2
121 < 2 5

161 < 2 g smn () < 2

S Sanp H<2/||P )| dt.

Note that we used the upper estimation

‘ S Sp (o H /P #) dt </||P )| dt,

since obviously || P(t)]| is integrable.
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Therefore, by the inequality of arithmetic and geometric means we obtain

"
i i—1 i—1 Ea
lon (ol <200 TT (14+16571) < 2040 T [14+2 [ IPlae | <
j=i* Jj=1* g
s
it1 it
1 i—1 27
< 2M, ﬁz 1+2/HP(t)Hdt =
j=i* oy
S
; i—i*
9 21
= 2M, 1+m/||P(t)||dt <

o™

-

1 1—1 1
2 2 [ IP(t)]] dt
<oM, |1+ ﬁ/HP(t)udt < 2Mye 0
=1
0

for all ¢ > 7*. In the same way we also obtain this result for ¢ < ¢*, and for
i = 14" is true since ||z, (57 )| < 2M,,. Therefore, we proved that

2 [ 1P(0)l dt
[lzn(2)|| < 2Mye © (z € [0,1]),

except for finitely many values of n. M, tends to zero as n — oo which
implies that ||z, (z)||, the second addend of the right hand side of (5.3), also
tends uniformly to zero. Thus, the absolute difference |y(x) — 7, ()| tends
uniformly to zero. Consequently we obtain the statement of Teorem 2.2.

Finally, we prove the lemmas used in this section.

Lemma 5.1. Let i* be the positive integer such that i< ¢ < ’2—T1 holds,

1=20,1,...,2" — 1 and p(n) the matrices defined in (5.6). Then, except for

)

finitely many values of n we have
() = (z+ dggf>52np(;7))”mn(;;),
i—1

= (50) = (= grroen() (o) - £ (I e ()

for all i >7i*, and

() = (2= grars(a) () -

for all i < i*.

-
*
N
1
L
/N
N
|
S
w
2
N—
N——
k;b/\
2
VS
[\
:‘“
N~—
N———

Proof. All functions Sonpy,; and z, are constants on the dyadic intervals of
length 27", Hence by Lemma 3.1 we obtain the following cases from (5.5):

*

() =me (37) = 5 () (7).
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if 4 > 7* then
. . dn(£) 1 - -
n(gm) = (5r) = TS ()= (57) -

i—1 ; j ' A
_2% z*:+1$2"p(2]7)2"<2]n> 2n+1$2 p(zn) <21”>

and if 7 < ¢* then
() = o) - O s (£)s (3)

2n 2n 2n 2n 2n
S s (2) ¢ g ()
Consequently
o0 (s o (5) = (5),

if ¢ > 4* then

) i i 1 . .
(74 gsinlge)) () = () - 9 s () ()

(5.8) i1

and if 7 < ¢* then
‘ ‘ ; 1_ . .
(z TS p(;))zn(;ﬂ) = (o) + 2 2in(£)82np(;7>2n(;7>+
i*—1 ) )
tor 3 s(5)a(5)
Jj=i+1

(5.9)

Formulae above give us the values of z, from m, and Synp by iteration, pro-

vided that the matrices

I+ (6)82" (;n) and - L% 2n+182 p(;n)

are non-singular. Fortunately, we proved in Section 5.1 that it is not true only
for finitely many values of n. We suppose than n is large enough for this to
happen. Then, we obtain the statement of the lemma for ¢* directly from (5.7).
We prove the case ¢ > ¢* by induction. First note that it is true for ¢ = ¢* 4 1.

Indeed by (o 8) and (5.7) we obtain
(I+ T 52”P<Z 21_ 1)) zn<i*2-: 1) =
dn(§) + 3 i
:m”(Z;TZl) 2n+ S2n (;n>Z"(;7):

mn(i*; 1> (52)n+ s, p(;*

ma () = ol ma (55)

\_/
/N
N
+

<9
|3
S|m
N
%)
no
3
bS]
/N
N =,
3
S—
N—
—
3
/~
l\')‘s
3
N——
Il
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Supposing that the statement of the lemma holds for some i > i* we have
1 i+ 1 i+ 1
(”WSW( 2 ))Z“( )

= mﬂ(i;l) B dn(i)nJF %SQHP(;%)Z”(;%) — in i: 52"13(2%1)271(2%> _

j=i*+1

=) - G R () ()

1 j j 1 i i
5 5 sl d)n) b))

e (50) - 5 (I () () - ool

Jj=i s=j+1

. -1 . i—1 i—1 .
(zeggasenlz)) (m) - I (T ) ) me(5)) =
J=ir ts=j

= ()~ £ (I, ) m G-
i (-00))i ) -

s=j+1

i—1 i—1

:mn(i;1> _pgmmn(%) -y ( I1 (I—pé"))>p§")mn(2%) =

j=i N s=j+1

() ()~ 5 (T () Yl (2) -

j=i* Ss=j+1

= (5it) = 32 (IT, ) ) (50)

j=i* Ns=j+1

which means that the statement of the lemma also holds for i 4+ 1. Therefore,
it is valid for all ¢ > 4*. The case ¢ < ¢* can be proved in a similar way. This
completes the proof of the lemma. [ |

Lemma 5.2. For alln € N we have
[mn(z)| < Mn (2 €[0,1]),

where
My = wq + [ylleowi” P+ 2mLywny.
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Proof. The definitions of m,, in (5.4) consists of three parts. For the first we

have . .
Son < / (Samq(t) — a(t)) dt> @)|| < |52 < / |Sama(t) — (1) dt) (2)
3

/\szn ) —q(t)| dt| < wiPq

for all = € [0, 1[. Recall that by the absolute value of a matrix we mean the
matrix formed by the absolute value if its entries, even for vectors.

For the estimation of the second part recall that all members of the exact
solution y are continuous on the interval [0,1]. This means that they are

bounded functions, so ||y||e < 00, and each attains its maximum at a point of
the interval [0, 1]. Obviously ||y(z)|| < ||y|/e for all € [0,1]. Then

San ( [ s2np0) = PO)() dt)( San ( / [Sanp(t) — P(6)y(D) dt) (@)

3
< |y lloow’” P.

<

1

[ 1s2npe) = P o) at
0
for all z € [0,1[. Before the estimation of the last part of m,, note that

J+1
X

/szn y—y®)dt=0 (j=0,1,...,2" —1)
.

since this property is valid for all integrable functions. Besides, Sonp is constant
on the all dyadic intervals of length 27". For this reason

J+1

/Sznp (Somy(®) —y(0) dt =0  (j=0,1,...,2" —1).

The formula above is used i in the estlmatlon Then we have two cases with

respect to the used notation 57 < x < % nl and l <éE< Z;;l If i > 4* then

S
San (/Sznp(t)(y(t) — Sany(t)) dt) (x) =2" / /32"rp(t)(y(t) — Sony(t)) dtdr =
3 o €
7‘,2-{;Ll 7ZI1 i+1
—on / Sonp(t) (y(t) — Sany(t)) dt dr + 27 / / Sonp(t)(y(t) — Sany(t)) dtdr =
o € T 3™

/ — Sony dt dr

= 2”‘327’ / / t) — Sgny(t) dtdr + 2”82n,p(—
&
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and hence

Son ( / Sanp(t)(y(t) — Sany(t)) dt) (@)
3

H;Ll i*jl»l
i* 2 2
<o 32"1’(27)” / /|52ny(t)—y(t)\dtd‘r +
AN
2 ||s2np (5 H //|52" () — y(®)| dtdr]| <
<on Sznp H / / [Sony(t) —y(t)|dtdr| +
o A
i+1 i+1
v sen()| |/ /|S2" () - (0 dedr| <
27” 2"
_‘ —Son p Hwny—i—‘ —Son p Hwny<2anwny

The calculation for i < ¢* is very similar. Moreover7 for i = i*
i+l

S < / Samp(H)(y(®) —Szny(t))dt> (z) = 2" / / Samp()(y(t) — Samy(t)) dt dr =
3 i &

b

= 2"82np

/ — Sony(t)) dtdr
3

i
2

and hence

San </$2"P(t)(y(t) — Sony(t)) dt> (z)
3

<

<2n

st

/52"y ) —y()| dtdr|| <
3

i

|

Szny —y(t)|dtdr <Hf82np(2 )HwnySanwny

<o sgnp(Q‘n)H

Summarizing the estimation of the three parts we obtain the statement of the
|

lemma.
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Lemma 5.3. For alli=0,1,...,2" — 1 we have

’ (Z+ dzglg)s p(;n))l (Ii 2n+182”p(2.n))1

except for finitely many values of n.

<2

<2 and ‘

Proof. As we have previously said in Section 5.1, the matrices above are
"nearly identity” if the value of n is large enough. This is due to the fact that
the entries of the matrix Q,l%Sgn p(5w) tend uniformly to zero, according to
max {
0<i<2n

Sgnpkl(Qn)‘} — 0.
1<k, I<m

This means that for all 1 =0,1,...,2" — 1

dn (£)
2n

(5.10) ‘

1
SQ”p H S 5 and ‘

2n+182 p H =

1

2

except for finitely many values of n. For simplicity denote by S one of the
matrices in (5.10). Form the equality (Z +S)™! = Z — S(Z + S)~! and the
basic properties of the norm we have

IZ+S)" < T+ ISIHIE + )7l

Thus,
IZ+9)7 -8 <t

Since S]] < 3 we obtain

I+ < =37 <

This completes the proof of the lemma. |
6. Conclusion

The method designed by Chen and Hsiao for solving systems of linear dif-
ferential equations of first-order with constant coefficients may be extended
for equations with not constant coefficients, and also for systems of linear dif-
ferential equations with discontinuous righthand sides if all functions in the
equations are integrable. The results obtained by Gyorgy Géat and the author
of this paper for one equation are generalized for problems with more than
one equations. The proposed numerical solution is a Walsh polynomial, i.e. a
piecewise constant function on intervals of length 2% This numerical solution
exists, except for finitely many values of n, and it converge uniformly to the
exact solution.
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A modification of this numerical solution is proposed which basically con-
sists of keeping the value of it at the middle of these intervals, and connecting
these points by linear interpolation. This modification increase significantly the
accuracy of the approximation. In several cases the approximation by Walsh
polynomials gives us a maximal difference which is reduced by almost a half
when the value of n increases by one. However, in these cases the modified
solution reduces the maximal difference by almost a quarter.
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