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Abstract: In this article, we use the Sine-Cosine wavelets (SCWs) method to numerically solve
the Drinfel’d—Sokolov—Wilson (DSW) system. For this purpose, we use an approximation of
functions with the help of SCWs, and we approximate spatial derivatives using this method. The
operational matrix based on SCWs has a large number of zero components, which ensures good
system performance and provides acceptable accuracy even with fewer collocation points. In the
end, to show the effectiveness and accuracy of the method in solving this system one numerical
example is provided.
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1. INTRODUCTION

Nonlinear coupled partial differential equations (PDEs) are very significant in a type of
scientific field, especially in fluid mechanics, solid-state physics, plasma waves, plasma
physics, and chemical physics. Since many nonlinear physical phenomena can be explained
by the exact and numerical solutions of nonlinear equations, the attempt for finding the exact
and numerical solutions to these phenomena is important.

In this article, our main goal is to solve numerically the DSW system. A generalized form
of the DSW system is given by:

\Ift+oz(I><I>x:O, (1 1)
where «, [3, 7, and § are some nonzero parameters.

System (1.1) plays an important role in fluid dynamics [8,12] and is originally introduced
by Drinfel’d and Sokolov [7] and Wilson [24] as a model of dispersive water waves. Many
researchers have devoted considerable efforts by successfully implementing various methods
to extract solitary wave solutions and other solutions of DSW system [1, 10, 17,23,25].

One way to solve equations numerically is to use wavelets. The basic idea of wavelets goes
back to the early 1960s [4,5]. There are developments concerning the multiresolution analysis
algorithm based on wavelets [6] and the construction of compactly supported orthonormal
wavelet bases [16]. So far, several problems have been solved numerically using different
wavelets, for example, we can refer to references [2,3,9,13,18,19,26,27]. In this paper, we
consider system (1.1) by using the SCWs method to find numerical solutions. SCW has been
used and showed efficiency to solve various problems. To indicate this, we can refer to some
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works. Razzaghi and Yousefi in [20] have employed a SCW to solve variational problems.
Tavassoli Kajani et al. [15] for solving integro-differential equations have presented a method
based on SCWs. A numerical evaluation of Hankel transform for seismology has been given
in [14] using the SCWs approach. Amir and Umer Saeed in [22] have used SCWs to solve
the fractional nonlinear oscillator equations.

In the present article, we intend to use the SCWs method to numerically solve the DSW
system (1.1) with the initial conditions

U(z,0) = fi(x), O(x,0) = folx), x € [0,1], (1.2)
and the boundary conditions
O(1,t) = ka(2), ®,(0,1) = wa(t), t €10, pm), ‘

where t;, represents the final time. The differentiable functions f;(z), ¢;(t), for i = 1,2,
ko (t), and wy(t) are known.

The structure of this article is as follows: In Section 2, we describe the properties of the
SCWs. In the following, expanding functions into the SCWs series and operational matrix of
them for the numerical solutions are discussed. In Section 3, the procedure of implementation
of the SCWs method, for system (1.1) with specified initial and boundary conditions (1.2) and
(1.3) is presented. The numerical performance of the method is made in Section 4, and finally,
concluding remarks are given in Section 5.

2. PROPERTIES OF SCWS
Wavelets are useful mathematical functions constructed from the dilation and translation of
a single function called the mother wavelet, which can be denoted by w. Assuming that the

expansion parameter 77 and the translation parameter v are considered, we have the continuous
wavelets family as follows [11]:

Ws(a) = Il 20 (* %),

If the parameters 1 and v are restricted to take values 7 = n, " and v = rivpay ", a family of
discrete wavelets is obtained as:

w# 0.

n,v e R,

W () = [no|2w(nfz — rvp), (2.4)

where 79 > 1, 15 > 0, and 7 and & are positive integers. The set {W, ,(x)} in (2.4), forms

a wavelet basis for £?(R). Especially, if 79 = 2 and v = 1, the set {W,,.(z)} forms an
orthonormal basis.
SCWs are defined on interval = € [0,1) as [14]:
k+1

Wr7s(ﬂj) = QTgS(QK‘I' — T)X[L r+1),

2K 1 2R

(2.5)

where k = {0} UN,r =0,1,2,...,2% — 1, and X[Z o) denotes the characteristic function

5%
given as
1, zel&, 5,
Xlgw 560 = {0, elsewhere. 2.6
Also,
1 _
75, S = O,
G(x) = { cos(2smx), s=1,2,...,¢, (2.7)

sin(2(s — {)mx),
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where ¢ is any positive integer.

SCWs have compact support and are an orthonormal basis for £2([0, 1)). The orthonormal
basis functions for SCWs by assuming x = 1 and ¢ = 1 are obtained as follows:

( Wo,o(fﬂ) = \/57
for 0<z< % — Woa(z) = 2cos(4drx),
Woe(z) = 2sin(4rx),

(2.8)
W1,0($) = \/57
for 1 <z<1 = {Wii(z)=2cos(2m(2z — 1)),
\ Wis(z) = 2sin(27(22 — 1)).
So, with the collocation points
meQW;A_/,l, m=1,2... N =2°20+1), (2.9)

the graphs of W, ;(x) for k = ¢ = 1, are shown in Fig. 2.1.

L L L L L L L L L o L L L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
z x

Fig. 2.1. The graphs of W, s(z) fork = ¢ = 1.

2.1. Expanding functions into the SCWs

Using the set of SCWs, any function Y(x) € £3([0,1)) can be approximated as an infinite
series of these functions as follows:

oo 20

() =Y > arWea(2), (2.10)

r=0 s=0
where a, =< T, W, , >= fol T (x)W, s(z) de. By truncating the infinite series (2.10) at
levels 7 = 2% — 1 and s = 2/, we obtain an approximate representation for Y (x) as
281 20

T(z)~ > Y a Wi(z) = A'T(x), (2.11)

r=0 s=0
where A and I are (N x 1)-vectors and are introduced as follows:

T
A= [ao,o, A1y -5 00,20, A1,0,A115 -+ B1205+« v+ - , A2r—1,0, 02611 - - - ,azﬂ—mz} )

T
I' = |:W()’0, Woa, o s Wooe, Wio,Wia, ..., Wiag, ..o ... Woan_10(x), War_11 ..., WQN_LQK]

(2.12)
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The SCWs matrix I'xr. A at the collocation points (2.9), is given as follows:

P = [0 T() -r ()|

in other words

[ Woo(zi) Woo(zx) Woo(3557) |

Woalsk)  Waald) o Woa(3

) Woald) W)

Mold) W) Wy

Wi (5k) Wia(55) Wl,l(zjgvj\?l)

Caysn = Wl,%(ﬁ/) Wy 2@(%) Wl,%(%)
Wor_10(357) Waroro(zhy) oo Waroro(35)
Wgn_l,l(ﬁ) W%—l,l(%) S W2”—171(2/;[/\71>
W2H—1,2£(ﬁ) W2“—1,2€(%/) S WQ“—L%(?Q//\?l)

In particular, for k = ¢ = 1, the SCWs matrix ['g.¢ is given as follows:

V2 V2 V2 0 0 0]
1 =2 1 0 0 0
L V3 0 —/3 0 0 0
6x6 — 0 0 0 \/5 \/§ \/§
0 0 0 1 =2 1
[0 0 0 V3 0 —3]

2.2. The operational matrix of SCWs
Due to the vector form (2.12), the integration of I'(x) can be calculated as follows:

/xm) dt = Ol (x),

where Q is NV x N operational matrix given by

F S S
1 0 F S
Q: 1 . . . . 5
or+3 : : . :
0 0 F

where S and F are (20 + 1) x (2¢ + 1) matrices (see [15]).
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3. APPLICATION OF THE METHOD

In this section, we use the SCWs method for finding the approximate solutions of system
(1.1) with specified initial and boundary conditions (1.2) and (1.3). For this, dividing the

interval [0,t;,] into M equal parts of length h; = tfv” and denoting t,, = (n — 1)hy, n =

1,2,...,(M+1), we expand ¥’ and " in terms of SCWs as,

2F—1 2¢
=N a, Woslz) = AT (), (3.13)
r=0 s=0
2F—-1 24

(2, t) =YY b Wos(x) = BT (x), (3.14)
r=0 s=0

where prime and dot mean differentiation concerning = and ¢, respectively. Now, we consider
the following two cases:

Case 1: Considering the equation (3.13): By integrating this equation once concerning ¢ from
i, to t and once concerning = from O to z, we have

V'(z,t) = (t — t,) AT T(2) + V' (2, t,), (3.15)
U(x,t) = ATQI(z) + gi (1), (3.16)

Now, integrating equation (3.16) once concerning ¢ from ¢,, to ¢, we obtain
U(z,t) = (t —tn)ATQU(x) + [01(t) — g1 (tn)] + U(, t). (3.17)

Case 2: Considering the equation (3.14): By integrating this equation once concerning ¢ from
t,, to t and three times concerning x from 0 to x, we obtain

" (2,t) = (t — t,) B T(z) + " (,t,), (3.18)
' (z,t) = (t — t,) BT QT (2) + ¥/ (2,1,) + [wa(t) — wa(t,)] + x[®"(0,) — &"(0,,)],
(3.19)
®(z,t) = (t — t,)BTQ () + ®(,t,) + [g2(t) — galtn)] + w[wa(t) — wa(t,)]
+ %2@”(0, t) — ®"(0,t,)], (3.20)
O(x,t) = BYQT () + gh(t) + zwh(t) + %ch”(o, t). (3.21)

By using the boundary condition ®(1,%) = ky(t) equations (3.19)-(3.21) are changed as
follows:

@' (2,) = (t — 1) BT QT () + ¥/ (2, 1,) + (1 — 2) [wa(t) — wa(tn)] + 2ulka(t) — k()]

— 2z[g2(t) — ga(tn)], (3.22)
O(x, 1) = (t — t)BTQT(x) + @(x,1,) + (1 — 2%)[g2(t) — g2(tn)]

+ (1 — 2)[wy(t) — wa(t,)] + 2 [ka(t) — ka(tn)], (3.23)
d(z,t) = BYQT(x) + (1 — 22)gh(t) + 2(1 — 2)w)(t) + 22k (). (3.24)
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Discretizing the results (3.15)-(3.17) and (3.18) and (3.22)-(3.24), by assuming x — z,, and
t — t,41, we have

U (T tna1) = B AT (2,) + U (24, 1), (3.25)
U (L, tgr) = AT QT (@) + ¢} (tnsa), (3.26)
U (T, tny1) = hft-ATQF( ) 91 (tng1) — 91(tn)] + V(2 ), (3.27)
D" (T tng1) = BBTT(2y,) + " (2, 1), (3.28)
S (L tnrr) = BB QT () + B (@, tn) + (1 — 22 [ (tngr) — wo(tn)]

+ 2 (Ko (tny1) — ka(tn)] — 213m[92(tn+1) — ga(tn)], (3.29)

®<$m>tn+l) = htBTQ:SF(xTn) + (I)(xmatn) (1 — )[92< n+1) - 92<tn)]
+ T (1 = Tp) [w2 (tn—i—l) — wa(ty)] + [k2( nt1) — ka(tn)], (3.30)
(b(xrm n+1) BTQS ( ) + (1 — )92( n+1) + xm(l Im)wé(tn—&-l) + xgnk;(tn—(gl)él

where, x,,,’s are the collocation points that are introduced in (2.9). To linearized the nonlinear
terms ®P,, U, P, and WP, in system (1.1), we use the linearization form given by Rubin and
Graves [21] as follows:

OO, = O, (x,t,)P(x, tyr1) — Pulx, t,)P(x, t,) + P2, 6,) Do (2, trr1), (3.32)
U, = &(x,t,)Ve(x, thi1) — P(x, t,) Ve, ty) + Va(z, t,)P(x, thi), (3.33)
U, = O, (,t,)V(z,thr1) — Pz, t,)V (2, t,) + V(2w t,)Pu(, trgr)- (3.34)

Using linear expressions (3.32)-(3.34), the discrete form of system (1.1) considering z,, and
11 1s as follows:

\if(l‘m, ZfnJrl) + Oéq)/(l’m, tn)q)(fljma tn+1) + qu)(l‘m, tn)q)/<xm7 tn+1) = Oéq)/(mmy tn)q)(l'ma tn>7
(I’m, n+1) (I)/”({L'm, n+1> + 5(I)(Im7 tn)\Ij,<xm7 tn—i-l) + 5\I//<Im7 tn)q)(flfm, tn—l-l)

—|—fy(I),<g}m, n) (.Tm, n+1)+7\11(xm7 n>q)/(xm7tn+1) :5®($m,tn>\p/<$m,tn)
FYL (T tn) VU (T, ).

(3.35)
Now, by using equations (3.25)-(3.31), system (3.35) leads to
.AT91 -+ BTGQ = 7‘[1 (%m, tn),

{AT93 + B0, = Holm, ), (3.36)

where the matrices 6;, 7 = 1,2, 3, 4 are matrices with dimensions N x N as follows:

01 = QP(SL’m),
By = [a® (2, t,) 5 QT () + a@(mm,tn)thQF(xm)],

0y = (0D (@, ta) L (2) + 7P (0, 1) QT ()]

00 = [ QT (@) + BT () + O (2, ) B Q3T () + 7 (2, 1) e Q2T (1) |
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and the matrices H;, ¢ = 1, 2 are matrices with dimensions N x 1 as follows:

Ha (2, tn) = = @ (T, 1) O (Xm, tn) = g1 (tni1) — P (2, 1) [(1 — ap)[92(tur1) — ga(tn)]
(1= ) [w2(bns1) — w3ta)] + 22 Ralber) = Kalta)]
— (s ta) | (1 = 200) [wa(tns1) = walt)] + 20k (tnsr) = ka(ta)]
= 20 [g2(tas1) = 2(t2)]

Ho(m, tn) = — BY" (X, t0) — 0P (T, t0) VW (2, t1)
— 0 (2, ) 91 (tns1) = 91 (t) + W, )]
— [ = 22)gh (i) + (1 = ) (tns) + 2Rt
— W (s ) [ (1= 22)[92(bnsn) = Ga(t)] + (1 = 2 [wabr) = wa(t)]
a2 [katusn) = a(t)]| = YW@, ta) | (1 = 20) w3 (tns1) = w3t
+ 2 lkatas) = kaltn)] = 22mlga(tuin) = go(ta)]]-

The matrix-vector form of system (3.36) is as follows:

01 0y } [ A } [ H, }
6 i6; Al | (3.37)
[ O3+ 0a IN X 2N B N x1 Ho IN'x1

From (3.37), the coefficients vector A and B can be calculated. With these coefficients and
using the equations (3.27) and (3.30), the approximate solutions are successively obtained.

4. NUMERICAL EXPERIMENTS

In this section, we apply the SCWs method to obtain the numerical solutions of the DSW
system (1.1). To compare the obtained numerical results, we use the following solutions that
obtained by Arnous et al. ( [1]):

Wi, 1) = s8gsech’ ( [55 (k(x — ot) &) ).

D(a,t) = [ 2 sech( | /55 (k(z — et) - &),

where c and £ are arbitrary real constants.
To show the effectiveness and accuracy of the proposed method, we considered an example
witha=8=v=0=1,t, =1, 7K =0.01L
Remark 4.1:
For describing the error, we introduce the infinity-norm of absolute error and the root mean
square (RMS) error norm as follows:

LY = |[W(2p, ) — U (@0, 1) ||oo = max |U(zp,,t) — U (2, 1),

1<m<N
3 (4.38)

I

RMS® = [%/ Z (\If(xm, t) — U* (2, 15))2
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where U* is the approximate solution of V. Similarly, the L2 and RMS® are obtained
according to formulas (4.38).

The numerical results for U(z,¢) and ®(x,t) at time t = 1 when ¢ = k = 1 are reported
in Table 4.1. For different values of «, Table 4.2 stated the calculated errors (4.38) at time
t = 0.5, also, the execution times for these values are given in Table 4.3. Difference between
exact and numerical solutions W and ¢ at time ¢ = 1 are shown in Figs. 4.2-4.4 and 4.5-4.7,

respectively.

Table 4.1. The numerical results for U(z,t) and ®(z,t) att =1 when{ = k = 1.

T, U2, 1) U (2, 1) (2, 1) — O (2, D] || @2y 1) O* (s 1) [ B(2m, 1) — P* (2, 1)] ||
0.0833333 | 0.153514  0.153517 2.358647¢ — 06 0.159955  0.159953 2.434473e — 06
0.25 0.157382  0.157384 2.526247¢ — 06 0.161958  0.161949 8.477983¢ — 06
0.416667 | 0.160643 0.160646 2.873385¢ — 06 0.163627  0.163619 7.684178e — 06
0.583333 | 0.163242 0.163244 2.279712¢ — 06 0.164945 0.164933 1.248603e — 05
0.75 0.165133  0.165128 5.211826¢ — 06 0.165898  0.165906 7.514665¢ — 06
0.916667 | 0.166281 0.166280 1.685403¢ — 06 0.166474  0.166457 1.740170e — 05
Table 4.2. The calculated errors (4.38) at time ¢t = 0.5 with £ = 1.
U(z,0.5) ®(z,0.5)
k=11 1.333830e — 06 8.630715e — 06
k=2 | 6.055654e — 08 1.078673e — 06
k=3 | 2.810132e — 09 7.847945e — 08
Lo | k=4 8968863¢ — 11 5.304455e — 09
k=15 1] 3.105035e¢ — 12 3.172111e — 10
k=06 |9.736049¢ — 14 2.018670e — 11
k=11 7.661924e — 07 5.199718e — 06
k=21 3.315228e — 08 5.115186e — 07
k=3 | 1.000311e — 09 2.933696e — 08
RMS | k =4 | 3.271928¢ — 11 2.026272e — 09
k=25 9.981293e — 13 1.217716e — 10
k=6 | 3.154537e — 14 7.797156e — 12
Table 4.3. The execution times for different values of xk with £ = 1.
k=1 k=2 k=3 k=4 K=25 k=06
CPU time (s) | 102.835546 189.641444 373.585049 753.232887 1519.095320 3163.873643
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Adv Syst Sci Appl (2021)




APPLICATIONS OF SINE-COSINE WAVELETS METHOD FOR SOLVING DRINFELD-SOKOLOV-WILSON 83

® ———— = ]

2.5

1.5

U(x,1) — U*(x,1)

[
|
|
|
|
|
|
|
|
i
[ ]
_2.5 1 1 1 1 1 1 1 1 1

0 01 02 03 04 05 06 07 08 09 1

xT

Fig. 4.2. Difference between exact and numerical solutions W at time ¢ = 1, when { = 1 and k = 1, 2.
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Fig. 4.3. Difference between exact and numerical solutions W at time ¢ = 1, when £ = 1 and k = 3, 4.
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Fig. 4.4. Difference between exact and numerical solutions W at time ¢ = 1, when £ = 1 and k = 5, 6.
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Fig. 4.5. Difference between exact and numerical solutions ¢ at time ¢t = 1, when ¢ =1 and k = 1, 2.
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Fig. 4.7. Difference between exact and numerical solutions ¢ at time ¢t = 1, when ¢ = 1 and k = 5, 6.

Given the approximation function Y (x) expressed in section 2, the solutions of the system

(1.1), can be expanded as:
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(4.39)
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In the investigated example, we approximate the solution of this equation as follows:

28—-1 20

T(x)~ > Y an Wl(x), (4.40)

r=0 s=0

which is the truncating the infinite series (4.39). By substituting the solutions a, s in (4.40),
we get the error function &(x) as follows:

268—1 20

E@)=|T(x) = D > a, Wi(x)|.

r=0 s=0

Therefore, as « increases, the series (4.40) becomes larger and closer to the series (4.39), in
other words, &'(x) approaches zero. The obtained numerical results for ¥ and ¢ confirm this.

5. CONCLUSION

In this article, using the SCWs method and using the initial and boundary conditions (1.2)
and (1.3), we solved the DSW system (1.1) numerically. Considering the obtained numerical
results in Tables 4.1 and 4.2, Figs. 4.2-4.7, and also comparing these results with the exact
solutions, it can be concluded that the presented method for solving the DSW system (1.1)
is an efficient and high accuracy method. The strength of this method is the simplicity of
calculations with low storage space.
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