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Abstract: Haar-Sinc spectral method is used for the numerical approximation of time fractional Burgers’
equations with variable and constant coefficients. The main idea in this method is using a linear discretiza-
tion of time and space by combination of Haar and Sinc functions, respectively. While implementing the
method, the operational matrices of the fractional integral of the fractional Haar functions are made,
and by using them, an algebraic equation is obtained. Then, using the collocation method, the algebraic
equation is converted into a system of equations, and after solving the system with Maple software, the
numerical results of the problem is obtained. The accuracy and speed of the proposed algorithm are tested
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1 Introduction

In many real problems, modeling using the concept of derivative and integral of fractional order gives
a more appropriate description of the facts of the problem compared to integer order of derivatives and
integrals. Therefore, with the increase of applications and modeling based on fractional calculations, the
necessity of developing analytical and numerical methods for this category of equations becomes more
obvious and visible. Usually, obtaining accurate and analytical solutions for fractional order equations is
not a simple task and in many cases, the exact answers are finally written in terms of an infinite series,
which is expensive to calculate. Therefore, the need to develop computational methods with high accuracy
and speed for solving fractional equations is justifiable [21]. Burgers’ equation is one of the most important
and basic equations with many scientific and practical applications. This equation is a good model for
the study of gas dynamics, fluid movement, disturbance and turbulence in hydrodynamics, wave processes,
boundary layers, diffusion in porous media and the speed of sediment particles falling in stagnant fluid.This
equation is a_simplified model of the Navier-Stokes equation that preserves many of the properties of this
equation [2, 11] . By replacing the first-order time derivative with a fractional one, the time fractional
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Burgers’ equation can be derived from the classical Burgers’ equation in the following manner[f]:

O~ P(z,t) 0P (x,t) 0?®(z, 1)

atr +(I)('T7t) ox -7 ox2 :Q(mvt)v (11)
O<z<l, 0<t<l,
with initial conditions
O(z,0) =r(z), 0<z<1, (1.2)
and boundary conditions
D(0,t) = f1(¢), 2(1,¢) = f2(t), O0<t<1, (1.3)

where the functions Q(z,t),r(x), f1(t) and f2(¢) are known continuous functions,y is viscosity parameter
and 0 < kK < 1is Caputo fractional order derivative. The nonlinear time fractional Burgers’ equation is dif-
ficult to solve and there are many numerical and analytical solutions such as, trigonometric tension B-spline
collocation [23], the fractional reduced differential transform method [25], finite difference and Fibonacci
collocation method [12], Lucas polynomials coupled with finite difference method [l], Fourier spectral
approximation [4], the Crank-Nicolson approximation [17], weighted meshless spectral method[10], uni-
fied finite difference Chebyshev wavelet method [[18], cubic spline based differential quadrature method[[7],
L1/LDG method [14], orthonormal shifted discrete Legendre polynomials [8] and expansion method by
the Cole-Hopf transformation[27]. In certain cases, analytical solution of this equation is very difficult and
even impossible. Therefore, according to the importance of the subject and in order to help the scientific
and industrial communities, in this paper we will obtain the numerical solution of this equation and check
the stability and convergence rate of the algorithm. For this purpose, we first introduce the fractional
derivative and the Caputo derivative and express the characteristics of fractional derivatives and the rela-
tionships between them, and then we consider the properties of orthogonal Haar and Sinc functions. Then,
using the Haar operational matrix of fractional order integration, we expand the time part of the equation
in terms of Haar functions and the space part in terms of orthogonal Sinc functions. Then, by using the
spectral collocation method the residual function have been obtained and the numerical solution of the
equation is converted into the solution of an algebraic equation system which can be solved by Maple
software. Finally, by presenting two examples and its numerical results by tables and graphs, we compare
the numerical results with previous published works and we show that the order of convergence of the
proposed method is exponential and is faster and more accurate than other methods.

2 Caputo’s fractional order derivative

In this section, we would like to briefly explain the concept of the Caputo’s fractional order derivative
(k > 0) [21, 13, 26]. Suppose s is the smallest integer greater than s, then the derivative of Caputo’s
fractional order can be defined as:

IF7"D;{®(x,t -1
SDp(e,n = 4 D@0, s len s (2.1)
D;®(x,t), K=8,8€N,
where
If®(x,t) = S /t(t — )" ®(x, p)dp, t,k>0 (2.2)
t ) - F(K/) 4 P s P)ap, ) . .

Also the following properties for fractional integral and derivatives can be listed as follows:

KBy _ P(ﬂ + 1) K+
It(t)_r(/§+ﬂ+1)t )
IF (%) = 2P IF (1),
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Df (a®(x,t) + bS(x,t)) = aDy ®(z,t) + bD; S(x,t). (2.3)

The left and right Caputo fractional derivatives of order k > 0 of a function ®(z,t) where d < t < e are
defined by [26] :

CDE®(x,t) =4 DY (B(z,1) — (x,d)), (2.4)
and
DED(x,t) = DF (®(x,t) — B(z,¢€)), (2.5)

respectively, where ;Df (®(z,t)) and ;Df (®(z,t)) denote the left and right Riemann—Liouville fractional
derivative of order k , that is,

DF (B(a.1) = s g [ €= o) e i (26)
D (@) = 5 gr [ (0= 00w (2.7)

2.1 Rationalized Haar Functions

In this part, we would like to examine several formulas in relation to rationalized Haarfunctions and its
fractional order of integral and derivative. Full explanations are available in references [3, 22, 15, 9]. More
generally, we define the RH functions over the interval [a, ) as:

L p<t<py

Ry(t) = ¢ —1, py <t <po, (2.8)
0, otherwise,
— 1
Ro(t) =1, pq:a—i-(anq) (b—a), q:O,i,l, a,b> 0. (2.9)
v=2"4+n—-1, m=0,1,2,...., n=12,3,..,2". (2.10)

Due to the completeness of Haar functions in domain (a,b), any arbitrary function y(¢) can be expanded
with arbitrary precision:

k—1
y(t) 2> @ Ry(t) = X (), k=2""', 5=0,1,2,... (2.11)
v=0

Also, this expansion can be expressed in the form of the following matrix forms:

X =[z0, @1, ..., xpoa], (2.12)
(t) = [Ro(t), Ri(t), ..., Rea(t)]". (2.13)
Also, the integral of Haar functions can be calculated as the following matrix form:

t

/ 'yk(s)ds ~ kak’yk(t), (2.14)
0

2kL &\ k —Q by k
kak=£ g R (2.15)
(Byx (%) ek
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Qkxk: ['Yk(i)a’yk(g%)a37k(22;1)]1xk7 (216)
where Q1 = [1], L1 = [4].
Also, the fractional order integral of Haar functions (Ifvx)(t) can be calculated as the following matrix
form:

(5 7) () = Liscrve(t), (2.17)
Lisxr = Qon T i, (2.18)
1 w1 w2 e Wk—1
0 1 w1 NN WE—2
e L1 0 0 1 ... wes
= Fr 19 . . : (2.19)
o 0 o0 .
0 0 0 0 T
wr = (r+ 1) —2r T (= 1) (2.20)

2.2 Sinc functions

The general characteristics of the Sinc function have been examined in references [20, [16] and in this section
we briefly explain some of the features of this function. This function is defined as follows in the infinite

interval: -
smm(mTx 0
Sine()={ ™ 270 (2.21)
1 r=0

The set of Sinc functions for the constant parameter h and different values of m form a complete orthogonal
set in the Hilbert space and any arbitrary function f can be expanded in terms of these functions:

_ sin(f (x—mh) h
Son(hy ) = Sine(E=y Z ] Flommry - T FmA (2.22)
h 1 x = mbh,
Sa(hyjh) = 6y = 4+ =™ (2.23)
I 0 G A m, '
> . r —mh
fron(z)= > f(mh)Sinc( - (2.24)

m=—o0

To approximate the functions that are in the (0, 1) range, we can use the translating with the ¢(z) function
as follows:

x
9(e) = (), (2.25)
Sn(x) = S(m, h) o0 (x) = smc(‘b("")i}:mh). (2.26)
According to the above equations, the set of collocation points x,, is defined as:
mh
-1

Also, the value of the Sinc function and the first and second order derivatives at the collocation points x,
are defined as [19]:

1 m=j,

0 msi (2.28)

57(3,)]' = [S(m, h) o P(2)]| 2=a; = {
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d 1 {0 m=j
8y = ap B ) o V@] 2=a; = 5 {(__l)jm mat (2.29)
j—m )
2 .
5D — L e o)) see, = L4 B T (2.30)
Ay R\ EE m#d

3 Error and Convergence rate
According to the theorems that have been proven in the references[f, 24], the approximation error of

Haar and Sinc functions is as follows.

3.1 Rationalized Haar functions

If D{yq(t) is an approximation with g resolution of Dfy(¢) function, then:

1 B 1

IDFy(t) — Diya(t)lls < e PR P by e L (3.1)
TYq(t) = ZCiRi(tL (3.2)

and,

lwtos = ([ o) (33)

3.2 Sinc functions

If there are constants C' > 0, a > 0 and 0 < d < § such that [y(z)| < Gl by choosing h = s
13;7{;)’ then the estimation error is:
N
y) = D0 YRS h) o ()| < KVNeCVHIN),
k=—N

where K depends only on d, « and y.

4 Haar-Sinc collocation method

To approximate the unknown function ®(z,t) and in order to use the operational matrix of Haar’s
. . 0D (w,t) . . .
fractional integral, we first expand —4;— in terms of Haar and Sinc functions as:

n

k—1
%ﬁ”’t) = 3 cuSi(@)Rs (1), (4.1)

i=—n j=0



48 Mathematics and Computational Sciences, Vol 5(1) 2024

Then, by applying the operational matrix of the fractional integral of Haar functions and using the value of
the Sinc functions and its derivatives at the collocational points z,,, the following equations are established:

k—1k—1
O k(@ 1) = 1(@m) + Y Y emiliy Ry (t)
§=0 1=
k—1k—1
aﬁén,k .’L‘m,t K —K
F8nlomsl) _ (Drr(a)),,, + 303 emi L Ry (0),
=0 1=0
n k—1k—1
0Py 1 (Tm, t or(x
doml) _ (Z) 30 Y wleak (o)
Tm i=—n j=0 [=0
k—1n—1

PPy i (Tm, t %r(x
ékm(z ) :( 555(2)> + Z SN wieaLiR(t),

i=—mn =0 1=0

where

Lij = Lixkl[l, 5],
Ly~ = L0, 41,
w — V' (x )5(1)

7/m 1,m?

win) = (@n)oll), + (0 ()50

But for proof, according to the equations (@),(),( ),(@) and (@) we get:

LoP(x,t) ,
/o Tdt = ®(x,t) — r(z),

Also according to equations (),(),(@) and (@) we have:

* n k—1k-—1
PLutlomsl) _ (pp(@))a, + 32 303 cal i~ SiCem) By (1)
i=—n j=0 1=0
k—1k—1

(4.4)

(4.5)

(4.6)

(4.9)
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Next by using equations(),(@) and (@) we get:

aq)n k xmv

ag(; > + i kzlkzlcu%( T ))”m R;(t)

Tm i=—n j=0 [=0

- (
= (ag(j > + Zn: ki:lki:lcuLlj (1/),(1‘)%51‘(1‘))1_1 R;(1)
(

Tm  i=—n j=0 =0 =Tm

ar(w) +i§§cwz'(w’<m 60, ) Ri(t) (4.10)
Bz iy m)Om ) FitE): '

Tm  i=—n j=0 1=0

AN

Finally according to equations(),(@) and (@) we have:

kE—1k—-1

it (%) S EE (), o

Tm i=—n j=0 [=0

kE—1k—1

- (aagf )) S IDIPICR2 (w"(w%si(m(w’( )? d;fgs< ))I R0

Tm  i=—n j=0 I=0

0%r(x) G (1) 24(2)
= ( 922 )zm + ZZC”LU( m) 0+ (@ (xm)) 6i,k) R;(1). (4.11)

i=—n j=0 [=0

In the following, using the above equations, the residual function R, i(%m,t) for equation(@) can be
obtained as follows:

0" Dy, 1 (T, t)
otr

Qén,k(xm,t) 82<1>n,k(xm,t)

R, 1) = tml) SRt Qo t)  (412)

+ ¢n,k($m7 t)

In order to approximate the function ®(x,t), we must obtain the unknown coefficients {c;; }2=""*"1. For
this purpose, we must equalize the R, (z,t) to zero at Haar and Sinc collocation points:

Ruk(m,t:) =0, m=-n,...n ,i=1,2 ..k, (4.13)
. emh
fl}'m:’ll) (mh):m, mZO,:tl,:EQ,...,:I:n
2i—1
b = Ci=1,2,.. k.
2% 0 '

Eq. () gives a system of algebraic equations, and after solving the system with Maple software, the
numerical results of the problem is obtained.

5 Numerical results and discussion

In this part, by giving 2 examples and calculating error norm and convergence rate below, we show
that the accuracy and speed of the proposed algorithm is higher compared to the methods mentioned in
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references [6],[1],[27] -

—n 2 — 1

L™ — error = Max|®* (Tm, t;) — ®(Tm, t:)|mern, ti:T’ 1=1,2,...,k,
" (zm,ti) — P(zm, ts 2 P —
2 _error = 2im=—n m, ti) (@m Z)), ti:m 1, i=1,2, ...k,
2n+1 2k
712 k)
C — rate = #
log (1)

where ®*(xm, t;), D(zm, t;) are the exact and numerical approximation of Burgers’ equation at points zm, t;

respectively. Also, €n,,k, €ny,k are the errors corresponding to hl = \/%71 and h2 = \/;Tz respectively.

Example 1. First, we solve the following time-fractional Burgers’ equation which its exact solution is
e”t? [l

0" P(x,t)
ot

®(x,0) =0,z € [0,1],

D(0,t) =2, ®(1,t) = et®,t € (0,1].

+ O(z,t)

8@(x,t) 32‘1)(:B,t) 44 2z 2 x 2t27”em
o 0.2 ¢ Te Tt gLy

Table 1,2 show the L*-error,L?-error and the convergence rates for k = 16 and several values of n with
the fractional parameter £ = 0.1,0.6,0.9 and the v = 1. According to the tables 1,2, we can see that with
the increase of the number of collocation points(n), the convergence order of the algorithm also increases.
Also, the speed of convergence is generally higher for x values that close to 0 and 1 than the middle values.
Figure 1 shows the logarithmic scale mode of L°-error and L?-error for x = 1 and k = 16,7y = 1 for
different values of n. According to the figure, we can see that the values of L2-error are lower than those
of L for the same values of n.

Also, since in this semi-log representation the error variations are approximately linear versus n, we observe
that the values of error decay exponentially and we can conclude that the convergence rate of the proposed
method is exponential rate.

-1
(g t®
Example 2. Next, we solve following Burgers’ equation which its exact solution is (56 ( 2t 4F<1+“>) - 1) 6]

0" ®(x,t) 0D (z,t) 0*®(x,t)
CoWY | p(a,t - =
PG e it e al
1
d(z,0) = ,z€0,1],
(z,0) (5cosh 2 —sinh £ — 1) z€[0.1]
1 1
®0,t) = ——, ®(1,t) = e ,t € (0,1].
S ar(HR) — 1 5 OStaraEn) —

Table 3 shows the comparison of numerical solution ®(z,0.02) and absolute errors obtained by our method
forn =17,k = 32 and v = 1,k = 0.8 with finite integration method-shifted Chebyshev polynomials (FIM-
SCP) in [6] and the expansion method with Cole-Hopf transformation (EPM-CHT) in [27]. According to
these values, we find that the numerical results of our method are more accurate.

Figure 2 shows the surface plot of ®(x,t) obtained by proposed method for k = 1,n = 17,k = 16 and

v=1.
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Figure 1: Logarithmic scale of L>-error and L?-error for Example 1 (k = 1, k = 16,y = 1) for
different values of n .

Figure 2: Surface plot of ®(x,t) obtained by proposed method for Example 2 (k = 1,n =17,k =
16, v =1)
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Table 1: Numerical results of L*-error and C-rate for k = 16,y = 1, for Example 1.

a=0.1 a=10.6 a=20.9
n h= \/Lfn L*>®-error C-rate L*>®-error C-rate L>®-error C-rate
3 1.283e00 1.240e-01 - 1.621e-01 - 1.327e-01 -
5  9.935e-01 3.487e-02 4.961 6.422e-02  3.627 3.791e-02  4.906
7 8.400e-01 1.214e-02 6.286 2.580e-02  5.420 1.180e-02  6.938
9 7.406e-01  4.815e-03 7.354 1.085e-02  6.893 4.521e-03  7.634
11 6.699e-01 1.942e-03  9.040 5.374e-03  7.003 1.805e-03  9.151
13 6.161e-01 7.872e-04 10.786 2.917e-03 7.315 7.387e-04  10.697
15 5.736e-01 3.582e-04 11.016 1.552e-03 8.818 3.210e-04 11.647
17 5.388¢-01 1.432e-04 14.649 8.371e-04  9.865 1.401e-04 13.260

Table 2: Numerical results of L?-error and C-rate for k = 16,y = 1, for k = 16,y = 1, for Example
1.

a=0.1 a=10.6 a=20.9
n h= \/% L?-error  C-rate L?-error  C-rate L?-error  C-rate
3 1.283e00 1.321e-01 - 1.425e-01 - 1.258e-01 -
5 9.935e-01 3.357e-02 5.364 4.123e-02 4.853 3.378e-02 5.149
7 8.400e-01 9.102e-03  7.758 1.395e-02 6.440 8.920e-03 7.915
9 7.406e-01  2.570e-03 10.063 5.410e-03 7.544 2.611e-03  9.777
11 6.699e-01 8.452e-04 11.083 2.218e-03 8.883 8.821e-04 10.815
13 6.161e-01  2.824e-04 13.125 1.015e-03  9.350 2.762e-04 13.902

15 5.736e-01  9.261e-05 15.580 4.631e-04 10.969 8.954e-05 15.741
17 5.388e-01 3.127e-05 17.350 1.992e-04 13.478 2.964e-05 17.667

6 Conclusion

Nonlinear time fractional Burgers’ equation, which is one of the most important equation in the field
of physics and fluid mechanics have been solved numericaly by Haar-Sinc collocation method. The time
part of this equation, which is expressed as fractional derivatives, is discretized by Haar operational matrix
of the fractional order, and the space part of the equation is discretized with the orthogonal Sinc functions.
According to the data mentioned in the tables and figures, it can be said that the accuracy and convergence
rate of the method increases exponentially with the increase of collocation points. It can also be seen that
the accuracy of the algorithm increases as the Caputo’s fractional derivative (k) tend zero and one. Also we
can see that generally the values of L?-error are lower than those of L for the same values of collocation
points number.
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