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A NUMERICAL METHOD FOR SOLUTION
OF SEMIDIFFERENTIAL EQUATIONS

Mohammad H. Hamarsheh and E. A. Rawashdeh

Abstract. In this paper, a new algorithm for the numerical solution of semidifferential equa-
tions with constant coefficients and fractional derivative defined in the Caputo sense is presented.
The algorithm is obtained by using the spline collocation method. Moreover, a new technique for
calculating the fractional derivative of the spline polynomial is derived. Numerical examples are
also presented to test and illustrate the method.

1. Introduction

In this paper, we propose a numerical method for approximating the solution
of the semidifferential equation of order v € N;

Di’/z+A1D£”’1)/2+-~-+AUDS} y(t) = f(1), (1)
with initial conditions
_ v
Y(0) = Bo,¢/(0) = Bu,-.,y "V (O0) = Bo1, KEN, k-1<o <k (2)

where Ay, ..., Ay, B0, 81, .., Br—1 € R, and f(t) is a given function defined on the
interval I = [0,T]. Here, y is the unknown function and the fractional derivatives
are defined in the Caputo sense:

« (t) _ { ﬁ fot(t — x)k—a—ly(k)(x) dx’ if o c R+ \N,

. ) _ (3)
y®) (1), if @ € NU{0},

where k = [a] is the smallest integer not less than than « and I'() is the Euler
gamma function. The Caputo definition of fractional derivatives has many appli-
cations when physical systems requiring inhomogeneous initial conditions are to be
modeled.
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The initial value problem given in (1) and (2) has found many applications in
recent studies of scaling phenomena, see for example [1, 6, 8, 9]. We mention two
examples: The first one is the single degree-of-freedom spring-mass-damper system
whose dynamics is described by the following fractional differential equation

[mD? +¢D® + kDJ] y(t) = f(1), (4)

where m, ¢, and k represent the mass, damping coefficient, and stiffness, respec-
tively, and f(¢) is the externally applied force. The second one is the Bagley-Torvik
equation

(D2 + A, D¥? + A, Dy (t) = £ (1), (5)

which arises, for example, in the modeling of the motion of a rigid plate immersed in
a Newtonian fluid. Note that traditionally the Bagley-Torvik equation is formulated
with the Riemann-Liouville definition:

k t
DOy (t) = 5? (].“(kl—a)/o (t — 2)F=o1y () dx) >0, (©6)

rather than with the Caputo definition, but I. Podlubny in [10] has proved a very
useful and interesting relationship between the operators D¢ and Dg

D2y(t) = D(y(t) — T,),

where T}, is the Taylor’s polynomial of degree k£ — 1 of the function y about ¢t = 0.
So, under homogenous conditions the two problems are equivalent.

Studying the numerical solution of (1) have been increased in the last two
decades. A specific numerical method to approximate the solution of equation
(1) is given by Diethelm and Ford in [4] and Ghorbani and Alavi in [7]. Also, a
numerical technique for solving (4) and (5) have been studied by Diethelm and
Ford [5] and Yuan and Agrawal [13], respectively.

In this paper the semidifferential equation (1) with the initial conditions (2)
will be solved numerically using the polynomial spline collocation method. The
polynomial spline collocation method for differential and integral equations has
been extensively examined by many authors, see for example [2, 3, 11, 12].

This paper is organized as follows. In Section 2 , a new technique for finding the
fractional derivative of the spline polynomial is derived, then this technique is used
to solve a semidifferential equation of order v numerically. Numerical illustrations
are given in Section 3.

2. Spline collocation method

Let t, = nh, where n = 0,...,N; and ty = T, define the uniform parti-
tion of the interval I = [0,7] whose N subintervals are o, = [tn,tn41], Where
n=0,...,N—1, and set Zy = {t1,to,...,tn_1}, Zny = Znx U {T}. Moreover,
denote by 7,,+q the set of all real polynomials of degree not exceeding m + d. The



A numerical method for solution of semidifferential equations 119

exact solution y of (1) and (2) will be approximated on I by an element v in the
polynomial spline space

S(d)

a(Zn) ={ueC¥ ) u€mpygon op(n=0,1,...,N — 1)}

that is, by d-times continuously differentiable polynomial spline function of degree
m+d.

This approximation u will be determined by collocation. Let {¢;}!™; be a

given set of m real numbers (subsequently called collocation parameters) satisfying
0<ecp <cg <--- <y <1, and define the collocation points by

N-—-1
X(N) = |J X with X, = {tp; =tn +ch:i=1,2,...,m} C o,

n=0

The solution of (1) and (2) is then given by an element u € Sr(jid(ZN) satisfying

for each t,; € X(N)

D24 4D g A,D0 ultn i) = (i) (7)
U(O):ﬂ()au/(o):617'”7“(]671)(0):&/&’—15 kENv k—1< g §k7 (8)
where u is described on each subinterval [t;, ;1] by the polynomial
"R G
ui(t) = > o't (9)
1=0
where agj), agj), R agl_d are constants to be determined later.

The collocation equations (7) and (8) then lead to a system of linear algebraic
equations for the coefficients agn)7 i=1,2,...,m;n=0,1,..., N — 1. Note that in
order to determine the approximate solution u using (7) and (8), it is necessary to
require that d = [§] — 1, so from now we will assume d = [§] — 1 (see Remark 2.3
in Section 2).

To find the fractional derivative of u € SV (Zn), we need the following

m+d
auxiliary notations, definitions, and lemmas: first, we define the function Sy(t) by
0, ift<b
Sp(t) =19 - 10
b(t) {1, if ¢ > b. (10)

LEMMA 2.1. For each t € I, the spline function u can be represented by the
formula

u(t) = uo(t) + Sp, (D[ur (t) = uo(O)] + -+ + Sty (O)[un—1(t) — un—2()]

= u0(t)+ 5 S (Ol 0) = w1 (0] (1)
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DEFINITION 2.1. For a € Ry \ N and k = [a], define the operator D¢, by

D2 <t>—1/t(t—5>’“—a—1 ®(g)de, t>a
ST T =) s |

REMARK 2.1. In fact, Definition 2.1 is the general definition of the Caputo
fractional derivative operator. More precisely; D¢ o = D¢ (see [10]).

LeEMMA 2.2. Leta € R, \N and g € C*[a, ¢] with g (b) = 0 fori=0,1,...,k,
where k = [a] and a <b < c. Then

DEa[S()g()] = Sp(1)DZyg(t),  a<t<b,
where the function Sy(t) is defined by [10].

Proof. Since g € C*[a,c] and g (b) = 0 for i = 0,1,...,k, Spg € C*[a,c].
Thus, we obtain

D2, [Su(0g(] = | its <,
*aa b t gt = k e )
’ i 1 L (Sh()g(€)(t — ©)F g, it > .
0, ift<ob
T(k— a)f EF-a-lde, ift >b.

= Sy(t)D *,bg(t)- .

REMARK 2.2. Lemma 2.2 can be applied to the spline function u € Sm+k(ZN)
(with k& < d) defined by equation (11) since u; — uj_q € C*[0,7] and (u; —
u;—1) P (t;) =0fori=0,1,...,k Infact, Lemma 2.2 is also valid even if k = d+1,
because in this case u(*) is a piecewise continuous polynomial which is integrable
over [0,T].

LEMMA 2.3. Let « € RL\N, 1 e NU{0} and k = [a]. Then fort >a >0,

we have
0, ifl <k,
Dg t' = { 0) !

’ Caa(t), ifl>k,

where
=k (I +1)agl—k-—r+t ) ri+1)
o (1) = t—a)fmetr Ty e (t—a) e
.0 (t) Z:: (k,a+r)r(lfkfr+2)( @) +F(lfoz+1)( @)

Proof. If | < k, then by definition

oL e g L e
DL = iy ), e g ), 2
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Now, if [ > k, then integration by parts yields

t
a 4l T(l+1 l—k k—a—1
D*,at = r(kl_a) / p(l(_k+)1)§ (t - f) df

T'(+1) a'=F(t—a)F > (I—k)a! = F=1(t—a)F—>t1
(k—a) (k—a)(k—a+1)

= TOh—a)T(—FTD)
(I—k)(I—k—1)a'! * =2 (t—a)F—>+2 (I—k)!(t—a)' —™
t T h—atD(k—aty Tt (cha)(kfaﬂ).--(zfa)}

I—k
L(l+1)a! ~F7rt! k—atr—1 T(+1) -
21 r(k—a+r)ar(z—k—r+2) (t—a)for=t4 Tl—atl) (t—a)~. m
=

The linearity of DY , and a direct application of Lemma 2.3 imply the following
corollary.

COROLLARY 2.1. Let a € Ry \ N and k = [a]]. Then for j =0,1,...,N — 1,
we have

I=[a]
where u; is defined by (9).

Now we are in a position to find the fractional derivative of the spline polyno-
mial D%u(t).

LEMMA 2.4. Let a € Ry \N and u € Sff_:,i)_l(ZN) where k = [a]. Then
m-+d N—-1 m+d

Deut) = 3 Clla®al® + XY 8, (000 (af? —af V).

1=Ta] i=1 1=Ta]

«

Proof. Using the linearity of the operator D¢, equation (11), Lemma 2.2,
Corollary 2.1, and Remarks 2.1 and 2.2, the result follows immediately. m

Now, the semidifferential equation of order v in the Caputo sense is
D%+ 4DV o A, D0 () = f(8)
with initial conditions
y(0) = B0t/ (0) = B, .y 10O = Brya, [51EN, (12)

which can be written in the following form

Lv+1

L5) . 3 1
%bjDiy(t)Jr -21 d;iDi" 2 y(t) = f(t), (13)
J= J=

where |p| is the largest integer not greater than p and by, .. ., bigy,dy, ..., dLuTJrlJ €
R.
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The exact solution y(t) of (13) and (12) will be approximate by collocation
solution given by an element u € Sr(rﬂ 2(ZN), where d = [5] — 1, satisfying for each
tn,i S X(N)

25+

§ Dlultn) + 3 dy D2 ultn) = F(tns) (14)

For the ordinary derivative DJu(t, ;), we have

. m+-d F(l + 1) i
Diu(t, ;) = al™ —— . 15
(n,z) lgj 1 F(l+1—]) 7,1 ( )
and by using Lemma 2.4, we obtain
m+d
DI Fu(tng) = S O (tni)a;”
i=-41 "7
N—1 m+d
1 k k—1
+ St (ta)CD_y (tni) (af) = al* V). (16)
F=11=[j-1] ’
Now [j — 3] =j and S, (tn;) = 0if n <k, so (16) becomes
A m-+d n m+td
-1 l 0 1 k k—1
DI u(t,,) = lz’ o l(tm)al( ) 4 21 lz Ct(k)’]"(tm) (a§ ) — af >). (17)
=j =j
By substituting (15) and (17) in (14), we get
L%J m+d LWAJ m+d
r(4+1) - (n) @) (0)
=0 1= JF(l'H J)t ¥ + Z Z d; CtoJ 3ty

n m-+d
+ 2 2y 400, ) () o) = f). ()

Case 1: n = 0. In this case to; € [to,t1) and Sy (to;) = 0 for all k =
1,2,...,N —1,so

j L(i+1) 1 0
Diu(to,;) = 1“(1(.;1L Ttoi @ 1J l()’ (19)

and from Lemma 2.4, we have

1 m-+d
DI Zu(ty;) = l; Cfg] L (to.)a”. (20)

Thus from (19) and (20), equation (18) becomes

L%] m+d L2 ] td
l 0 1 0
bty fa” + poapy 4,00 (to)al” = fltos).  (21)

7j=0 I=j
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Now, equation (21) can be written in the form

123

[3] m+d ) LU;IJ m-+d
0 + 0 R al = i), (22)
Jj=0 I=j | Jj=1 1=j
where P4
04) _ 4 + I—j (0,i) () _
Hl,j —_ J mto,l ) RO l,J deto,jfé (to,l)'
With a simple arrangement we may write equation (22)
v m+d
> X F(Sﬂ)a(o) f(to,i) (23)
I=01=14]
©0.4) Hl(g.’i) if j is even,
where Flj = 0,0) o
’ Ro,i,j—% if j is odd.
Case 2: 0 <n< N —1.
With a simple arrangement, equation (18) can be written in the form
5] m+d 142 mtd ) n m+d
n n,i 0 k
> X HGaN Y N R e ! z XX 10y = S,
=0 i=j j=1 k=0 I=j
(24)
where )
(nyi) _ + - (n,1) )
Hl»j JthZV Rkl j—1 =d; Ctk)]_l(tn,i)v
and
—Rk’;“_f if k=0,
(n,i) . (n,3) (n,i) . o
Tk,uj—% = Rk7l7j_7 Rk+1l,] 1 ifk=1,2,...,n—1,
(n7i) ] —
Rk,l,j—% if k=n.
Now, we may write
L3] m+d (n ) (n) [UJrlJ m+d (n,i) (n) v m+4d (n i (n)
Hy + Z Z Tklr* => Z Fy (25)
j=0 l=j 7=01=11]
where '
. Hl(m) if j is even,
Fl(?,z) _ (7.7 )
’ Tk i if 5 is odd.
Hence by using (25), we may write (24) as
v m-d . LT);lj m—+d . LH; In 1 m+d
n,t n n,i 0 n,i k
>y F5Va = fta) - 2 L R e - Ty e,
3=01=[4] j=1 I=j T2 j=1 k=0 I=j
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By applying equation (23) for ¢y, for each ¢ = 1,2,...,m, and (26) for each
thi,m=1,...,.N—-1,i=1,2,...,m, we get a bybtem with mN linear equations

with (m—l—d+ 1)N unknown coefﬁments {al k 0 ’T\ﬁdl Therefore, we need extra
(d + 1)N equations, but from the conditions of smoothness

Dy, (ty) = DVup_1(t,), j=0,1,...,d andn=1,2,...,N —1,

which can be written in the following form

mtd o0 T(141) S0 Tl+1)
o et = S et )

we get (N — 1)(d + 1) equations, and from the initial conditions we get (d + 1)
equations. Once the coefficients {al(k) 2::%""".’,7;{,71 are known, the value of the spline

solution u is determined on each ¢, by equation (9). m

REMARK 2.3. The collocation equations (23) and (26) give us mN linear
equations, but the number of unknown coefficients of the spline function wu(t) is
(m+d+ 1)N, so we need extra (d + 1)N equations to recover the coefficient

{a (k)}l O ’m+d . Thus, the choice of anid(ZN) where d = [§] — 1 as the approx-
imation bpace is the natural one because by the conditions of smoothness (27) we
get (d+1)(IN — 1) equations and in the first subinterval, d+ 1 additional conditions
are furnished by the initial conditions (8) and so we obtain (m + d + 1)N linear

equations.

3. Numerical examples

In this section, we experiment with the splines collocation method for different
examples. In each example, we choose the m collocation parameters ¢; = i/(m—+1),
i =1,2,...,m. The computations are performed using the software Maple with
30-digit floating-point arithmetic.

ExAMPLE 3.1. Consider the following semidifferential equation of order 1

8 2
$L5 2405 g2y
3f Nis
with the initial condition y(0) = 0. Then the exact solution is y(t) = t> —t . We

applied the collocation method using m = 3. The absolute error |y(t) — u(t)| at
t = 1 and different values of N are listed in Table 1.

DPy(t) +y(t) =

N ly(t) — u(t)] when m =3
5 0.15054 x 10~8
10 0.43837 x 1077
20 0.28192 x 1077

Table 1: Absolute errors for Example 3.1 using the Splines
Collocation method with m =3 att =1
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ExXAMPLE 3.2. Consider the following semidifferential equation of order 4

6 1
y'(t) = Diy(t) + 2y () + DI7y(8) + zu(t) = f(0),
with the initial conditions y(0) = 0 and y’(0) = 0, and choose f(t) so that the exact
solution is y(t) = t? +1t5/2. We applied the collocation method for different m. The
absolute error |y(t) — u(t)| at t = 1 and different values of N are listed in Table 2.

N ly(t) — u(t)| when m =3 ly(t) — u(t)| when m =5
5 0.21143 x 1072 0.85869 x 1073
10 0.74188 x 1073 0.30280 x 1073
20 0.26077 x 1073 0.10661 x 1073

Table 2: Absolute errors for Example 3.2 using the Splines
Collocation method with m = 3 and m = b att =1

ExAMPLE 3.3. Consider the semidifferential equation of order 6
y"'(t) + DYOy(t) + 2y(t) = 106 + V2> erf(V2t),

with the initial conditions y(0) = 1, y’(0) = 2 and y”(0) = 4, where erf is the error
function defined by erf(z) = % IN e~ dt and the exact solution is y(t) = ¢*. We

applied the collocation method for different m. The absolute error |y(t) — u(t)| at
t =1 and different values of N are listed in Table 3.

N ly(t) — u(t)| when m =3 ly(t) — u(t)] when m =5
5 0.11308 x 1073 0.98093 x 1077
10 0.70160 x 10~° 0.14043 x 1078
20 0.43789 x 107 0.80805 x 10719

Table 3: Absolute errors for Example 3.3 using the Splines
Collocation method with m =3 and m =5 att =1

4. Conclusion

In this paper an algorithm for the approximate solution of semidifferential
equation has been analyzed. The algorithm is based on the spline collocation
method. The approximate solution is obtained by deriving a linear system. Three
numerical examples are introduced showing that the method is convergent with
a good accuracy. However, the convergence and the rate of convergence of the
proposed method need further investigations. These issues must wait for another

paper.
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