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Many studies of mechanical systems in engineering are based on second-order matrix models.
This work discusses the second-order generalization of previous research on matrix differ-
ential equations dealing with the construction of approximate solutions for non-stiff initial
problems Y (z) = f(z,Y(z),Y’(z)) using higher-degree matrix splines without any dimen-
sional increase. An estimation of the approximation error for some illustrative examples are
presented by using MATHEMATICA. Several MATLAB functions have also been developed, com-
paring, under equal conditions, accuracy and execution times with built-in MATLAB functions.
Experimental results show the advantages of solving the above initial problem by using the
implemented MATLAB functions.
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1. Introduction

Splines are an important tool to solve scalar first-order differential equations [16],
obtaining approximations that, among other advantages, are of class C! in a given
interval [a, b]. Splines are easy to compute and the associated approximation errors
are only of O(h*). They also have been used in the resolution of other scalar prob-
lems, as discussed in [1, 2, 15], for vector problems [19], linear matrix problems [6]
and for first-order matrix differential equations [7]. Recent work in this field can
be found in Refs. [3, 4, 18]. Recently, numerical schemes with cubic splines were
extended to the resolution of second-order matrix problems without any additional
increase in dimensionality of the problem [22]. To achieve this goal, these schemes
do not require the reduction of the system to a higher dimensional system of lower
order—a common practice in problems of this kind. All spline approximations are
by construction already continuous in the interval under consideration. Some ex-
plicit numerical examples have been used to test the methods and have shown
that errors are only of the order O(h™~1), where m is the degree of the spline. By
adapting the step size h and the degree m of the spline to a particular problem,
in principle, any desired accuracy can be reached. Unfortunately, as detected by
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Loscalzo and Talbot, their scalar procedure is divergent when higher-degree spline
functions with m > 3 are used [16, p. 444-445]. They have explicitly shown by
numerical computations that the equation y' = y,y(0) = 1 contains noticeable
divergences for splines of degree m > 3. For matrix differential equations of first
order, we already presented in Ref. [8] a method which avoids these problems with
divergences for splines S(x) of degree m. Our goal in this work is to extend this
method to second-order matrix equations without increasing the dimension of the
problem, using splines S(x) of degree m but only of differentiability class C2.

With these benefits, it is hoped that our approach provides an alternative method
to existing ones and may open up new avenues to the numerical integration of
second-order models in practical applications.

Throughout this work, we will adopt the notation for norms and matrix cubic
splines as in the previous work [6] and common in matrix calculus. Therefore, CP*4
will in general denote the set of rectangular p x ¢ complex matrices. For matrix
A € C"™* its 2-norm is defined by

Az
14 = sup 14z
2#0 HZH
1
and where for a vector z € C® the conventional Euclidean norm is [|z]| = (2z)>.

As in Ref. [11, p. 56] for A = (a;;) € C™*" we assume that

%?Xlaiﬂ < | Afl < \/STH;?X|%|- (1)

Then, the Frobenius norm of A is given by

and the 2-norm and Frobenius norm are related in the following manner (see

Ref. [11]):

1ALl < 1Allp < VallAll,- 3)

Employing this notation, we define the Kronecker product of A = (a;;) € C™*"
and B € C"*%, denoted by A ® B, as the block matrix

(IHB alnB
A® B = :

(ZmlB e amnB

The column-vector operator on a matrix A € C™*™ is given by
A1 aik
vec(A) = : , where Ay =
Aon amk

Y = (yi) € CP*9 and X = (x;;) € C™ ", then the derivative of a matrix



with respect to a matrix is defined by [12, p.62 and 81]:

Y oY 8y11 8y1q

oY 851511 o 83/:171 . oY ax‘rs o 81:7’5
- = : : , where = : :

0x ) oY Ors yp1  Oypg

0T m1 o OTymn O0xrs o 0%y

If X e C™*"Y € C"V, Z € CP*Y, then the following rule for the derivative of a
matrix product with respect to another matrix applies [12, p.84]:

0XY 0X oY
o7 - 87[Iq®y] + [Ip®X]a7, (4)

where [, and [, denote the identity matrices of dimensions ¢ and p, respectively.
If X e C™* Y € C**¥  Z € CP*4, the following chain rule [12, p.88] is valid:

()

I
09X ©dp

[ g

oz |0 [vee(Y)]!
0X

2. Higher-Degree Matrix Splines

Frequent in different fields of physics and engineering are matrix initial value prob-
lems of the form:

Y'(z) = f(z,Y(2),Y'(x))
a<z<b, (6)
Y()=Yy), Y'(a) = 1

Note that Eq. (6) could e.g. be the statement of Newton’s second law of motion for
a coupled mechanical system. Moreover, models of this kind often appear in mole-
cular dynamics, quantum mechanics and for scattering methods, where one solves
scalar or vectorial problems with boundary values conditions [5, 10, 17, 20, 21, 24].

Let us consider the initial matrix value problem Eq. (6) where Y, Y7,Y (¢) €
R™4 f:[a,b] x R™* x R"™*4 — R"™4  f € C*(T), with

T = {@Y,2); a<z<b,Y,ZecR™>}
and R"*? will in general denote the set of r x ¢ rectangular real matrices.

The Lipschitz conditions on the function f,

If (2, 0,Y) = f(o.Y2,Y)| <Li[Vi—Yaf , a<x<b,Y1,Y5,Y € R

)

(7)
guarantee the existence and uniqueness of the continuously differentiable solution
Y (z) for the set of equations (6), see e.g. [9, p.99].

Hf(.’I),Y,H) - f(anaYQ)H SLQ HYl_Y'ZH ) anSb7YI7Y27Y€Rr><q



The partition of the interval [a, b] shall be given by
App=la=v0<m1 <...<3=b}, ;p =a+kh, k=0,1,....n, (8)
where n is a positive integer with the corresponding step size h = (b—a)/n. To be
brief, we will denote Iy = [a + kh,a + (k+ 1)h)],k=0,1,2,...

Theorem 2.1: Let f € C*(T) and m = s+ 3, then, there exists a matrixz spline
S(z) € C?([a,b]), S(z) of degree m for each subinterval Iy, k = 0,1,...,n — 1, if
the step size h is chosen as

h < <\/Lgm2 + 4m(m — 1)L1 — ’I?’LLQ) /2L1

where Ly, Lo are Lipschitz constants defined by Eq. (7).

Proof:

We will construct in each subinterval I a matrix spline S(x) of degree m € N
with m = s 4+ 3, where s is the order of the differentiability class of f. This will
approximate the solution of problem (6) so that S(z) € C? ([a, b]).

In the first interval Iy, we define the matrix spline as

S‘IO () =Y (a)+Y'(a)(x —a) + %Y”(a)(m —a)® + %Y(‘g)(a)(:ﬂ —a)?
1 m— m— 1 m
+---+my< (a)(z — a) l—l—on(x—a) . (9)

Here the matrix coefficient Ag € R"™? is a parameter still to be deter-
mined. Observe that S|1 (@) = Y(a) = Yo, S” (@) = Y'(a) = Y7 and
S|” (a) =Y"(a) = f(a,Y(a),Y'(a)), and thus equation (6) is fulfilled by the spline
at i)oint T = a.

For the construction of matrix spline (9), we first must find the values of Y®)(a),
Y ®W(a), ..., Y™ D(a). To compute the third-order derivative Y ®)(z), we consider
the functions hi, ho and hs defined by

hi : [a,b] — [a,b] hy : [a,b] — C"*1 hs : la,b] — C"*14
hi(x) = = ho(xz) = Y(x) hs(x) = Z(x)
where Y (z) is the theoretical solution of (6) and Z(z) = Y'(z). We describe now

f(z,Y(x),Y'(x)) as a composition of functions f and (hq, ha, hg), that is, let ¢ :
[a,b] — C"*9 be defined by

¢(x) = [fo(h,ha,h3)l (x) = f(hi(z), ha(2), ha(2)) = f(z,Y(2), Z(2)) .

Thus, ¢ is a real variable function of x, and applying theorem 8.9.2 of [12, p.170]
its derivative takes the form:

D¢ = D (f o (hi,hs,h3))
= ((D1f)(h1, ha, h3))- Dhi+((D2f)(h1, ha, h3))- Dha+((D3 f)(h1, ha, h3))- Dha,
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where the partial derivatives of f, Di(f), Da(f), D3(f) exist and are continuous
since it is assumed that f € C* (T'). By (6) it is clear that

d (vee Y'(2))T T
wee )~ fuee fla ¥ (x).V'(x)]

Next, applying the chain rule for matrix functions (4) and then taking the deriva-
tive of a matrix with respect to a matrix, (5), one obtains

YO (z) = of (““"’Yg;) V(@) + [[vec Y'(z)]" @ Ir}

Of (z,Y(x), Y'(x))
0 (vec Y(x))
Of (z,Y (x), Y'(x))
0 (vee Y'(x))

= g1 (z,Y(2),Y'(2)), (10)

+ [[vec f(x,Y(x),Y’(x))]T ® Ir]

where g, € C*~(T). Using (10), we are now in position to evaluate Y3 (a) =
g1 (a,Y(a),Y'(a)) It is safe to take f € C*(T) for s > 2. For all higher-order
derivatives Y4 (z),..., Y (™1 (z), we proceed in a similar way and calculate

YW (2) = go (2, Y (), Y'(2)) € C2(T)

: (11)
Y=D(g) = g3 (2, Y (2),Y(2)) € C5~(m=3) (T)

Apart from the matrix coefficient Agy, all other parameters of the spline are
already known. To find Ap, we assume that (9) is a solution of equation (6) at
x = a + h, and thus yields

S (a+h) :f(a+h, S|, (a+h). 5, (a+h)). (12)

‘10

The only unknown parameter Agp is now given by the following implicit matrix
equation obtained from (12):

Ay = (";m__f)' [f <a +hY(a)+ Y (@)h+ -+ (mmn_i)!Y(m‘”(a) + %Ao,
m— m—1
Y'(a) +Y"(a)h +--- + (TZ_Q)!Y(m_l)(a) + (7:11—1)!140)
I RS (m—1)
_y(a)_..._my (a)| . (13)

The matrix equation (13) has only one solution Ap, which we shall see in the fol-
lowing. After finding the solution for A, the matrix spline (9) is totally determined
within the first interval 1. For the second interval I; we define

S| (x):S’IO (a+h)+ S| (a+h)(z—(a+h))+ (14)

Iy I

SV @ W)@ — (a+ B2+ GV O D (a R — (at )™

—i—%Al(x —(a+h)™,
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and we use the following shorthand notation

Viavh) = f(aths), @+n).8) @rh),
YOurh) = g (aths, @rh). s @+h), 5)

VO ) = gnos (4005, (0 18], (@)

The splines introduced by Loscalzo and Talbot [16] and the ones employed in [22]
were of class C™ ! (I U I1). In contrast, here the matrix spline S(z) defined by (9)
and (14) is of differentiability class C? (Io U I1). All of the coefficients in (14) are
completely determined except for the parameter A; € R"*4. By definition, spline
(14) satisfies the differential equation (6) at point z = a + h. To find the value of
A; we also assume that the spline (14) satisfies (6) at point x = a + 2h:

y’m+yo:f@+am%hm+wmsLm+am»

”1

which readily may be recast in the following form to provide a matrix equation for
the only unknown Aj:

(m—2)! , L
A = = fla+2h, S|10 (a+h)+S|I (a—i—h)h—i-gY//(a TR+ -+
b e my 4 AL S (@ h)+ VAT TR
(m—1)! m! "
hm—? ( ) hm—l
m— _ 1
+ (m—2)!Y (a+h) + (ml)!A1> Y"(a+ h)
® A~ ey
-Y (a—i—h)h—---—mY (a+h) (16)

Now we proceed in exactly similar manner as before. Namely, let us assume that
the implicit matrix equation (16) has a unique solution Aj, so that the spline is
totally determined in the interval I;. By iteration, we may construct the matrix
spline taking I;_q as the last subinterval. For the next subinterval I, we define
the corresponding matrix spline as

S‘Ik (x) = S|1k71 (a + kh) + S ) (a + kh)(x — (a + kh))

—1

+5Y"(a+ kh)(z — (a +kh))* 4+ +

Y Y (a + kh)(x — (a+ k)" 4+ i Ak(e — (e + k)™, (17)



where again

Y (a+ kh) =f <a—|—kh, S|1A (a+ kh), " (a—i—kh)) :
Y®(a+kh) =g <a kA, S|, (atkh).S| (a+ kh)> , "
Y(m—l)(a—}—kh) = Gm—3 (a—i—kh, S’I (a+kh),5" (a+kh)) .
k
Thus, the matrix spline S(z) € C? U I; | is solution of the differential equation
j=0

(6) at point z = a+ kh. In order to find A, we impose the additional requirement
that S‘ (x) satisfies equation (6) at point x = a + (k+ 1)h:
Tk

" (a+ (k+1)h)=f (a (bt DA, S), (@t (k4 DR),S) (at (k+1)h)),

‘Ik ’ k

which can be rewritten as

Ay = 2! [f <a +(k+1)h. 8, (a+kh)+ S” (a+Kkh)h+ -+

T—1

+ YD (k) + B AL S (ot kh) + Y (a+ k)b + -

Tp—1

2

+ A YD (a f k) + hAk) —Y7(a+ kh)

Yo+ kh)h = — En YD (o + kh)| (19)

Egs. (13) and (16) are just a particular case of the final result (19), letting &k = 0
and k = 1.

We are now in the position to demonstrate the uniqueness of equation (19) by
using a fixed-point argument. For any choice of step size h and partition number
k, we look at the matrix function g : R"™*? — R"*7 defined by

g(T) = =2 [f (a + (bt Dh, S|, (atkh) S| (a+kh)ht ot

k—1

+ Y D(a + k) + BT, S (a+ kh)+

m—1)! ’11%1

KV @t RRR - At VoD (ot kh) + A T)
Y{a+ kR) ~ YO (a + kh)h — - — B VO D (a kR . (20)

Observe that relation (19) holds if and only if Ay = g(Ag), which means that Ay
is a fixed point for function ¢g(7"). The definition (20) of ¢ in combination with the
global Lipschitz’s condition (7) for f, implies immediately that

L1h? Loh

lo(r) - Tl < (o 2k ) I - Tl




Selecting h < (\/Lg m2+4m(m — 1)Ly — ng) /2L, gives (m(m n + Lz ) <
1 and the matrix function g is contractive. Therefore, equation (19) has the unique

solutions Ay, for each & = 0,1,...,n — 1. Thus, the matrix spline is completely
determined, which concludes this proof. O

Remark 1: Observe that the constructed splines have a global error at least of
order O(h™~1), which follows from an analysis similar to Loscalzo and Talbot’s
work [16]. More precisely, if f € C*(T) with m = s+ 3, then ||[Y(z) — S(x)]| is at
least of order O(h™~ 1) Va € [a, b], where Y (z) is the solution of Eq. (6).

Remark 2: For carrying out the derivatives in (10) and (11), one may make
extensive use of standard symbolic software, such as MATHEMATICA etc.

3. Algorithms and MatLab functions
For solving Equation (6), we consider the initial matrix value problem
Y'(z) = f(z,Y(2),Y'(z))

Y(wk) = Yb , Y/(.’L'k) = Y1

v <z <z +h, (21)

where h is the step size, and Y; and Y7 are the values of Y and Y’ obtained in the
above step at xy, respectively. If we denote by Si(z) the spline of degree m in the
interval [z, zk + h], then

_ o) A
Sk(zr +h) =B, + mAk,

Si (i +h) = BY + ﬂAk
g k (m—1)1""
m—2
g @ My
where
m—1 () i m=1 (3 i—1 m—1 i—2

(0) YW ()b ) YW (xp)h Y @ (z1)h
k P i ; (i—1)! 2 (i —2)!

with all derivatives Y computed by (10) and (11). If we substitute the above
expressions in (21), we obtain

m—2 m m—1
2, h _ © , ™ W, h

Then matrix A can be obtained by solving (22).

The MATLAB function splin2order computes the solution of (6) by a fixed-
point method or another method, as for example the Newton method (for online
availability of the software, see Ref. [14]). The function used for solving (22) by the
fixed-point method is

m — 2)! hm hmfl
P = 53 [f <‘””’B’(€0) + A B+ <m—1>!A’“) - 315:2)} |



Hence, the values of Y and Y’ at x;, + h are

m

h
Y(ax+h) =By + 1Ak

hmfl

(m — 1)!Ak'

Y (xx +h) = B +

The computer storage required for the MATLAB function implies the use of seven
internal matrices. However, it can be further optimized for some special classes of
second-order differential equations. Consider, for example, the following second-
order linear differential system

Y'(t) + ALY (E) + AgY (£) =0, ¢ € [a,b], (23)

where Ag, A1 € R™*™ are constant matrix coefficients. In this case, the MATLAB
function which solves the above equation is called splin2linear (and available
online [14]). If (23) is incomplete, i.e. A; = 0, the computational costs can be cut
down considerably. We have also developed the MATLAB function spline2lineari,
which is an optimized version of spline2linear for the incomplete differential linear
equation Y (t)+ApY (t) = 0. In both cases, the successive derivatives are computed
within the corresponding function. The memory requirements for these functions
are eleven and ten matrices, respectively.

4. Numerical Examples

The goal of this section is to show the effectiveness of our method by testing MAT-
LAB and symbolic implementations of it. We will use some standard benchmarks
examples to compare its numerical estimates with those obtained from higher-
degree splines constructed by the method proposed in [22]. It is important to
remark that our method is not only a viable alternative to existing approaches,
but has been applied successfully in several other practical examples.

The MATLAB benchmark tests have been carried out on an Intel Core 2 Duo
T5600 with 2 GB main memory and using MATHEMATICA version 7.0. and MAT-
LAB version 7.9. We test the MATLAB implementations for each of our proposed
spline methods with problems where the exact solution is known. The symbolic
implementations employ the Symbolic Math Toolbox of MATLAB for calculating
derivatives of functions, such that the derivatives are provided by a function which
calculates their values. In particular, these new implementations based on our pro-
posed methods have been compared with the results produced by MATLAB solver
functions with RelTol and AbsTol parameters equal to 1014, Table 1 lists all MAT-
LAB functions used in these tests. The functions are based on adaptive methods
to solve non-stiff, ordinary differential equations of the type

y/ :f(a:,y),:ve [a,b],
y(a) = yo,

where y € R".

We have also implemented specific MATLAB functions in order to solve Eq. (6)
with fixed step size based on classical methods: Nystrom of order 4 [13, p. 284],
an extrapolation method [13, p. 294] and an explicit Stérmer method [13, p. 462],
but we only provide the results of the first one, because it gives much better
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results than the others. The implemented function based on this method is named
nystrom2order. Throughout the calculations for the numerical error estimates
the 2-norm has been used, except for Table 2 of Subsection 4.2 where the Frobenius
norm is employed.

4.1. A non-linear vector system

Consider the following non-linear vector differential system

yi () =1 — cos (z) + sin (y5(x)) + cos (y5(x)) )

_ 1 1
yé’(a:) T 4ty (z)2 T 5—sin®(x)
0<z<1. (24)

with exact solution y1 () = cos (z), y2(z) = wz. The system Eq. (24) can be written
in the more compact form

Y'(x) = F (z,Y,Y"), ﬂ@z(m%),Y@:(®,1W®:<w,

yo(x T
(25)
where
v = (1700 T e ey -
44y, (z)? 5—sin?(x)

It is easy to check that F(z,Y,Y”) satisfies the global Lipschitz conditions:

|F (2, Y1,Y) — F(z,Y2,Y)| <|Y1-Ysf
,0<2<1,Y,Y1,Y, e R%(27)
[F(z, Y, Y1) — F(z,YV.Y2)| <2|Y1 - Y2

It is not difficult to evaluate Y (0) using (25), thus Y”(0) = F (0,Y(0),Y’(0)) =
<_0 ) We can calculate Y (0) using (10). This will illustrate how the calculation
of

(10) can be done. In this case, one gets
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On the other hand, we have

0
OF(z,Y (2),Y'(z)) —2u: (x)
OF (.Y (x),Y'(z)) _ Oy (2) _ | Gri@)”
d (vec Y (z)) OF (.Y (2),Y"(x)) 0 7
Oy2(z)
0
0
OF (@Y (2)Y"(x)) 0
OF (z,Y (x),Y'(x)) 9y (z) _
9 (vee Y'(x)) O (e (2)"(x) cos (y(x)) — sin (h(x)) |
Ya T
0

and, if we denote by A = 1 — cos(z) + sin(y4(x)) + cos (y4(x)) and B =
1/ (44 y1(2)?) =1/ (5 — sin?(z)), one obtains

[vec Y’(:L‘)]T ® Iy = <y§(az)

0
[vee f(z,Y(2),Y' ()] @I, = <6121 ‘ ﬁg) .

Thus, using (10) we have

) 0
sin (z) , —2y1 ()
0 yh(xz) O o
YO (z) = + (yl (z) Y2 ) @+ (2)
($) —2sin (x) cos () 0 yi (CC) 0 yé (JZ) 0
(5—sin?(x))? 0
0

—2sin (x)cos (z) 2y (x)y) (x)
(5—sin?(z))> (4+y3 (2))

Taking into account that y;(0) = 1, y2(0) = 0,4 (0) = 0,y5(0) = 7, and evaluating

Y ®)(z) when z = 0 from (28), finally one concludes that Y ®)(0) = <8

If we consider matrix splines of degree m = 6, Theorem 2.1 requires to take
h < 2.12404, and thus we select h = 0.1. In Table 2, we provide the numerical
estimates, which have been rounded to the fourth relevant digit. We also give the
Frobenius norm of the difference between the estimates of our numerical approach
and the exact solution. Their maximum errors are shown also in the first column.
Note that as we increase the degree of the spline using the same technique as in
[22], we obtain the results given in Table 3, where in the last two intervals the
maximum error increases dramatically.

For another test, the MATLAB function splin2order was used. Figure 1 displays
the approximation behavior for splines of degree m = 6 with different step sizes
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h = 0.1, h = 0.01 and h = 0.001, respectively. Table 4 compares splin2order
(spline of degree m = 9) with the other MATLAB functions, taking h = 0.1 and
b = 5. The second column indicates the execution time in seconds and the third
column the relative errors. For the fixed-step codes, we have chosen the optimal
step size, i.e., the step size giving the lowest error possible with the best execution
time.

In conclusion, Table 5 illustrates the behaviour of the global error (using the
2-norm) produced by the function splin2order with varying step sizes and spline
degrees m = 3,4,5. As expected, the global error decreases with smaller step size
and with higher order for the splines. Also note that the actual global errors are
well below the theoretically predicted error bounds.

4.2. Linear second-order differential matriz equations

Linear second-order differential matrix equations present another interesting test-
ing ground for efficient matrix spline algorithms. In fact, it is possible to de-
velop efficient algorithms for solving this type of problems. The MATLAB func-
tion spline2linear is an implementation of the method described in the previous
section.

We consider the problem (23) with the following matrix coefficients

-1 1 00

and the initial conditions
v (10
Y(0)=Y'(0) = (01> .

The analytical solution is known to be

Y(t) = (%t _”j_ett), t e [0,0]. (29)

In this case, it is f(¢t,Y,Z) = —AgY — A1 Z, and therefore

||f(t7Y17Z) - f(t,}/é,Z)‘|2 S HYI_YQHQ
(30)
||f(t7Y7 Zl) - f(taKZQ)||2 < 2.28825 Hzl _Z2||2

If we consider again matrix splines of degree m = 6, we must take the step size
given by the constraint h < («/36L% +120L; — 6L2) /2L; = 1.91732. In this case,

the errors are increasing up to a value of [0,1.77112 x 1078, but they remain well
within the error bounds fixed by Theorem 2.1. If we compare these results with
those given by a sixth-degree spline using the same technique as in Ref. [22], we
obtain comparable results for the first five intervals. However, our method truly
improves the results in the last five intervals. Table 6 shows the results obtained
in the last four intervals with the method from Ref. [22].

Figure 2 depicts the approximation behavior for splines of degree m = 6 with
different step sizes h = 0.1, h = 0.01 and h = 0.001, respectively. Table 7 shows
the results of spline2linear (spline of degree m = 10) and the other MATLAB
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functions for h = 0.1 and b = 5. The second column gives the execution time in
seconds and the third column the relative errors.

4.3. Incomplete linear second-order differential matrix equations

As a second example, we study
Y'(t)+ AY(t) =0, (31)

where

A:(é?), Y(O):(gg) and Y'(O):G?), Le0,b.  (32)

with the known analytical solution
-1
Y (t) = cos (\/Zt)y(o) + (x/Z) sin (\/Zt> Y'(0). (33)

As usual, /A denotes the square root of the non-singular matrix A (see [11]).
In this example, we choose Lo = 0 and L; ~ 2.82843 as suggested in [22]. If we
consider b = 1 and matrix splines of degree m = 6, according to Theorem 2.1, we
need to take h < 3.25678 as in Ref. [23], so we selected h = 0.1. Table 8 provides
all numerical results (rounded to the third relevant digit) for the maximum error
in each interval.

If we consider high-degree splines, for example with m = 6, and if we use the
same technique as in [22], we obtain essentially the same results for the error in
the first six intervals. For the last four intervals, the error increases considerably
(see Table 9), showing a bad performance for this method.

In the following test we consider b = 5. Figure 3 depicts the approximation
behavior for splines of sixth degree with different step sizes h = 0.1, h = 0.01
and h = 0.001, respectively. Table 10 shows the results of function splin2lineari
(spline of degree m = 10) compared to the results produced by the other functions,
taking h = 0.1. The second column indicates the execution time in seconds and
the third column the relative errors.

5. Conclusions

One goal of this study was to presented a generalized method for the numerical
treatment of second-order differential matrix systems. Our approach is a general-
ization of previously developed methods employing matrix-cubic splines. A second
goal was to provide techniques to get reliable algorithms that are straightforward
to implement.

All spline solutions are by construction already continuous in the interval under
consideration. Several benchmark examples have been used to test our proposed
method producing errors only of the order O(h™~1!), where m is the degree of the
spline. By adjusting the step size h and selecting a corresponding higher-degree
spline, one can achieve a reliable estimate with high accuracy for any practical
problem. Our method also makes clear the great precaution which is required when
approximating second-order models in realistic applications.

Our method is well-suited for implementation on numerical and/or symbolical
computer systems (MATHEMATICA, MATLAB, etc). Three MATLAB implementa-



14

tions have been developed based on the spline method developed in this paper.
In order to assert the advantages of these implementations, extensive stress tests
were made in three case studies by comparing these implementations under equal
conditions with built-into MATLAB functions and an implementation of a Nystrom
method of fourth order. The results clearly demonstrated that the relative errors of
our MATLAB implementations are lower than relative errors of the other, standard
functions, and have in general lower execution times.
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Table 1. MATLAB solvers used in the tests.

MATLAB SOLVER PROBLEM METHOD
ode4b non-stiff differential equations  Runge-Kutta
ode45 non-stiff differential equations = Runge-Kutta
ode23 non-stiff differential equations  Runge-Kutta
odell3 non-stiff differential equations Adams

Table 2. Approximation for the test problem of Subsection 4.1 in the interval [0, 1] with step size h = 0.1 and matrix
splines of order m = 6. The maximum error is calculated by using the Frobenius norm.

interval spline
max. error

1. — 0.52% + 0.04172* — 0.00142°
[0,0.1] 3.1416x

2.14828 x 10~13

1. — 0.52% + 0.0417z* — 0.00142°
3.1416x

[0.1,0.2]
2.01417 x 10~12

[0.2,0.3]
8.15548 x 10~12

1. — 0.52% + 0.04172* — 0.00142°
3.1416x

1. — 0.52% + 0.04172* — 0.00012° — 0.00132°
[0.3,0.4] 3.1416x

2.13535 x 10~ 11

1. — 0.52% — 0.000123 + 0.0418z* — 0.0002z° — 0.00132°
3.1416x

[0.4,0.5)
4.42526 x 10—11

[0.5,0.6]
7.94035 x 10~ 11

.— 0. xe — 0. x° + 0. x= — 0. x° — 0. X
1 0.4999z2 — 0.0002z3 + 0.042z* — 0.00042° — 0.00122°
3.1416x

1. — 0.4998z% — 0.000523 + 0.04242* — 0.00062° — 0.001125
[0.6,0.7] 3.1416x

1.29235 x 1010

1. — 0.0001z — 0.499622 — 0.001z* + 0.0432z* — 0.0012° — 0.00102°
3.1416x

[0.7,0.8]
1.96032 x 10~10

[0.8,0.9]
2.81915 x 10~10

1. — 0.0003z — 0.4990z2 — 0.001923 + 0.0438z* — 0.0014z° — 0.000925
3.1416x

1.0001 — 0.0006z — 0.498122 — 0.0033z> + 0.04512* — 0.0022° — 0.00082°
0.9,1] 3.1416z
3.88818 x 1010

Table 3. Maximum 2-norm error using method [22] with m = 6 for the the test problem of Subsection 4.1.

interval [0,0.1] [0.1,0.2] [0.2,0.3] [0.3,0.4]
max. error  2.14828 x 1071 1.16367 x 1071 7.7013 x 10~'*  8.46736 x 10~'°
interval [0.4,0.5] [0.5,0.6] [0.6,0.7] [0.7,0.8]
max. error  8.23407 x 1077  8.17369 x 10~%  8.08793 x 10~7  8.0067 x 106
interval [0.8,0.9] [0.9,1]

max. error 0.0000792582 0.0014899
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Table 4. Relative errors for the test problem of Subsection 4.1 for
b=5.

MATLAB function Time [s] Error

splin2order (m =9, h =0.1)  0.091408  3.457835-10~16

nystrom2order (h =2-1073)  0.246637 3.622907-10 14

oded5 0.090288  1.289173.10—15
ode23 6.683251  2.280581-10~ 12
odell3 0.014599  9.203065-1016

Table 5. List of 2-norm errors for the function splin2order used in nu-
merical example 4.1, varying the step size h and the degree m of the
spline.

m=3 m =4 m=>5

h=0.1 3.051299 - 10~°  3.054623-10~7  3.054663 - 10~

h=0.01 4.652307-10"6  4.657409-10°  4.623465 1012

h=0.001 8.471262-10~° 7.555910-10"13  5.520485-1014

Table 6. Maximum 2-norm error using method [22] with m = 6 for the test
problem of Subsection 4.2.

interval [0.6,0.7] [0.7,0.8] [0.8,0.9] [0.9,1]
max. error 0.00014554 0.00140688 0.0136004 0.131485

Table 7. Relative errors for the test problem of Subsection 4.2 for
b=5.

Method Time [s] Error

splin2linear (m = 10, h = 0.1)  0.003051  5.320190-10~!®

nystrom2order (h =5-10"%)  0.246637 2.891663-10~ 4

oded5 0.175877  6.800561-10—15
0de23 9.808279  5.398916-10 14
odell3 0.017892  1.101141.10— 4

Table 8. Maximum approximation error for the test problem of Subsection 4.2 in the interval [0, 1] with
step size h = 0.1 and splines of order m = 6.

interval [0,0.1] [0.1,0.2] [0.2,0.3] [0.3,0.4]
max. error  5.66188 x 10711 3.09994 x 10719  7.54205 x 10710 1.37841 x 1079
interval [0.4,0.5] [0.5,0.6] [0.6,0.7] [0.7,0.8]
max. error  2.16706 x 1072 3.10015 x 1079  4.15361 x 10~  5.29975 x 10~
interval (0.8,0.9] [0.9,1]

max. error  6.50774 x 1079 7.74422 x 10~?

Table 9. Maximum 2-norm error using method [22] for m = 6 for the incomplete
second-order differential system Eq. (31).

interval [0.6,0.7] [0.7,0.8] 0.8,0.9] [0.9,1]
max. error 0.000189424 0.00187658 0.0185907 0.184173
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Table 10. Relative errors for the test problem of Subsection 4.3.

MATLAB function Time [s] Error
splin2lineari (m = 10) 0.002224  7.707535-10~15
nystrom2order (h =1-1073)  0.502466  5.538301-10~ !4
ode45 0.197101  1.836483-10~ 14
ode23 11.563673  7.383291-10~ 14
odel13 0.019096  2.026853-10~15
Bi—
-
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Figure 1. Relative errors for the test problem of Subsection 4.1 with fourth-order splines (m = 6), using
MATLAB function splin2order with A = 0.1, h = 0.01 and h = 0.001, respectively.
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Figure 2. Relative errors for the test problem of Subsection 4.2 with fifth-order splines (m = 6), using
MATLAB function with splin2linear h = 0.1, h = 0.01 and h = 0.001, respectively.
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Figure 3. Relative errors for the test problem of Subsection 4.3 with fourth-order splines (m = 6) , using
MATLAB function splin2lineari with A~ = 0.1, h = 0.01 and A = 0.001, respectively.



