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Abstract

The integration of some differential equations is hard to acquire because of the presence of singular point(s) in these equations. These equations
are best solved by some unique technique. Multi-derivative techniques have a long history of powerful integration of such equations yet till date,
a couple of class of this technique has been explored for integrating partial differential equations. This work centers around the development,
analysis and implementation of a class of multi-derivative technique on partial differential equations. The approaches were effectively analyzed
and were turned out to be consistent, stable and convergent. Numerical outcomes got likewise demonstrated the approximation quality of the

technique over existing techniques in literature.
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1. Introduction

Considering an equation which is known as the linear ad-
vection equation for a quantity u(x, f):

% +v(x, Z)% =0
where v(x, ) is known, This type of equation in (1) is classified
as first order hyperbolic partial differential equation. Equation
(1) is termed as a conservation law since it expresses conser-
vation of mass, energy or momentum under the conditions for
which it is derived, i.e. the assumptions on which the equation
is based.
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In physical phenomenon, v(x,?) is linear or flow velocity.
Although equation (1) is possibly the simplest partial differen-
tial equation, this simplicity is deceptive in the sense that it can
be very difficult to integrate numerically due to the presence of
singularity, a distinctive feature of first order hyperbolic partial
differential equations.

Equation (1) will have to be supplemented with an initial
condition:

u(x,0) = up(x) 2
and if necessary boundary condition(s):
7l = t )
u(a, ) = u () 3)

u(b,t) = uy(t). x € la,b]

One of the most popular techniques applied to the solution of
Advection equation is finite difference method [1,2]. In recent
times, the finite element and the finite volume methods were
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also introduced. Many special methods have also been devel-
oped to deal with Singularly Perturbed Problems. Many Au-
thors [3,4,5,6] are devoted to Singularly Perturbed Problems of
ordinary differential equation and the authors discussed the sit-
uation and width of boundary layer(s) and give some effective
numerical algorithms. In the work of Xianyl [7], a linear hybrid
variable method was developed for the solution of Advection
equations and an efficient numerical treatment of non-linearities
in the advection-diffusion-reaction equations was presented by
Utku et al. [8]. An extensive work was done by Gaetamo
and Silvia [9] on the fractional diffusion-advection equations
for fluids and plasmas. Adrian [10] presented a generalization
of prefactored compact schemes for the solution of advection
equations.

2. Method and Analysis

The methods were derived by assuming a continuous ap-
proximant for u,(x) of a multi-step multi-derivative method of
the form:

(i—1)

n+v

1
(X) = @ (Oyn+ D B f + Br(x)
i=1

k
+ > B~y “
j=1
for solving IVP: y' = f(x,y), y(0) = yy, where f(x,y) is con-
tinuous and ;" differentiable, y, is an approximation to y(x,),
Xy = nh, h > 0and £ = 9 (x, ) such that:

1Oy = fx,y),

f(j)(x’y) — af(‘l ;)(X,y) )af(] U(L)’)’

X ady
where k is the step number, / is derivative order, v € (0, k) is an
off-step point and j is the derivative order of f(x,y). However,
the continuous coefficients ; j(x), i = 0,v,k, j = 1(1)k were
determined.
To this end, approximation of the exact solution y(x) was sought
by evaluating the function:

+ flx,y

r+ls—1

u(x) = Z ajxj

J=0

&)

where a;, (j=0,1,...,r+Ils—1) are coefficients determined, x/
are the basis functions of degree r + Is — 1, [, r and s being the
derivative order, interpolating and collocations points respec-
tively.
While ensuring that the function (4) corresponds with the an-
alytical solution at the end point x,, the following conditions
were imposed on u(x) and its derivatives u®(x) to get the coef-
ficients of the desired methods:
M(xn+j) = Yn+j» Jj=0
W (Xpsj) = furjs  JELO,--- K]
M”()C,Hj) = f;:Jrj = 8n+j> J€10,--- k]

ul//(xn+j) = f,,:_l,_] = hn+j’ JEI0,--- k] (6)

uPCo ) = fi7", Jel0,-- k]

63

63

The coefficients obtained were substituted into (5) to obtain the
continuous coeflicients in (4) which were then evaluated at x,,.;
to obtain the desired methods.

2.1. One-step, First Derivative and Two off-step Method

Here, the first derivative evaluation was considered taking
into consideration, one step and two off-step points. The proce-
dure is as follows:
Fork=1,I=1andv =

u(x) = an()yn +hBro)fo + B 1()f 1

12 .
7,5 (4) becomes:

120 fpr2 +Bri(0) fus1) (7
while taking r = 1 and s = 4, (5) and its derivative become:
4 .
u( = > ap (8)
j=0
4 .
' (x) = Z Jajxi! )
=1
Imposing the following conditions obtained from (6):
U(Xnsj) = Ynvjy J=0. (10)
, . 12
u(-anrj):fnJrjv ]:0’ 7’ 7’1 (11)

a system of five algebraic equations with five unknowns were
obtained. The 5 X 5 system of equations obtained are given be-
low:

ap = Yn (12)
ar = fu (13)
2 3 4
a) + 7(12 + Ea_g + %CM = fn+% (14)
4 12 32
a) + 7a2 + Ea3 + %(M = fn_,,% (15)
ap +2ay +3az +4as = fui1. (16)
Solving the resulting equations gives:
ap = Yn (17)
ar = for (18)
23 49 49 1
ar == fut ek = 5gSue + g (19)
35 49 196 7
as = ?ﬁl - Tfn+% + Ffrw% - %ﬁh‘l (20)
343 49 49 343
“= g0 et F gt T gt g ey @D
49 343 343 49
as = —yfn + ﬁfm% - mfm% + mfnﬂ (22)

Substituting these values in (7) and collecting like terms in y,,,
S e I 2 Jfu+1 yields the continuous method:

Y& = an()yn +hBoi (D) fo + B 1 () fyr 1

B2 () fyez +B11 (0 frs) (23)
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where:

a,(x) =1

49@2x-D* | 35Q2x-1° 232x-1)
—— s T -4

ﬁl’o(x) = 3 +2x-1
B, 1(x) _ 3432x-D* _ 492x-1)° n 49 (2 x-1)?
- 24 2 6
B (x) _ 343(2x—1)4 " 196 2x-1° 492 x—1)*
1.2

4 15 20
49 (2 x-1
B <x>— 2x-)

1)
o) 7D 41730 2x - 1)
Evaluating (23) at x,,, yields the one-step, first derivative main
method possessing two off-grid points:

(24)
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2.3. Two-step, Second Derivative and One off-step Method
Here k=2,/=2,andv = % is the chosen off-step point.
The new approximation now becomes:
u(x) = @)y +h(BroC)fy + By 1 () f
HB1,1(0) fur1 + B12(X) fus2)
+12 (B2000 o + B 1 (X081
+2,1(X0)gn+1 + P22(X)gn+2) (34

where g(X,1j) = f'(Xpsj) = W' (Xnej), j=0,--- k.

h . _ e . . . i
Vast = Vn 4 o (19f, — 49,1 +49f. 2 +5fm1)  (25) Setting » = 1 and s = 4, the interpolating function now be
24 7 7 comes:
Also, evaluating (23) at x, 1 and x, 12 yields the additional 8
method as: u(x) = Z ax’ 35)
=0
Yt =Yn+ hs(335f, + 595fust =Sz + fas1) 26) . ’ o
Yue2 =+ 2_h1 (fp +4f,. L+ fn+% ) Obtaining the first and second derivatives, we have:
’ I ot} R, |
The one-step, first derivative and two off-grid points method is , wx) 5 Zf.:l.] ajx! 2 (36)
presented in block form as follows: wx) = 2o J( — Dajx™.
Vus1 = Yo + 211_4 (19, — 49 fn+% +49 fn+% +5f01) Imposing the following conditions as obtained from (6):
yn+% =Yn + ﬁ(?’:;sfn + 595];%% - 91fn+% + ﬁlJrl) (27) u(xn+j) = yn+j5 ] = 0 (37)
h
Ynt2 =¥n t ﬁ(fn + 4fn+l + fn+2) , 1
! ! ! W (Xnsj) = forjs J=0, 7 1,2. (38)
2.2. Two-step, First Derivative and Two off-step Method . —0 1 5 39
Here, a new member of the methods is obtained. The pro- W Xnt)) = 8nejp J =0, 7’ 1.2 (39)
cedure is as follows: Thus, the required method is given in block method as:
Fork=2,l=1,andv = % and %, (4) becomes: 5
31]12 8na2 16h2 8nel 19208h 8n+t
61,200 ]2 + 1,10 Jna1 + P12(X) Jna2 1h f, 4
7 7 +Zh2gn+M “h forr
taking r = 1 and s = 5, (5) and its derivative become: 5 2197 9
S 4705964 f, i1
-+ 25h fy + Y
u(x) = Z ajx’ (29) 19773
j=0
s 15997h% guia  33203h% gy
1 = —_ —_
u'(x) = Z jajx! (30) e 66805808160 3557705760
= S16419K% g1 56561912 g,
Imposing the following conditions obtained from (6): 250417440 395300640
. N 191117h fuya  9703h fu14
WXnsj) = Ynvjs S = 0. @D 173695101216 = 304946208
, : 1 9 3016667h
W) = foups J=0,5.1,2,2 (32) fuij | 5308663hf,
39862368 79060128 !
The two-step, first derivative and two off-grid point method is
presented in block form as follows: 431 guso  197h* guiy
Y1 = — -
— 2401 81120 4320
Yn+2 = Yn + h(= 135ﬁz 2340/ n+1 fn+1 33373942 5
2401 + 215 ) Entd 10107 g,
200 g 573 "Tésw 730080 430
yn 1= yn + h( n + n 1
vt P A 539h fura . 919h fru
sl * 382200](’1227) (33) 210012 259
Yn 1=)’n+h(—— n n+i f;1 1
73141 11259 5694624
g gl g e 385h,
6860f”+1 = 5600/ n+2 891800f"+2) + 926 +n (40)

64
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3. Analysis of Methods

3.1. Order and Error Constant

In this section, analysis of the methods using Taylor’s se-
ries method for the derivation of order and error constant of
the methods were carried out. Following Lambert (1991) and
Fatunla (1991), the linear difference operator £ associated with
the method is defined by:

k
LAl = ) iy + ih)
i=0

1
B (Bio(x)yD(x + ih)

i=1

+Bi, ()P (x + vh)

k
+ 3 By + jhy)

J=1

(41)

where y(x) is an arbitrary function, continuously differentiable
on [a,b].

Recall that; while expanding y(x+ih) and its derivatives y(x+
ih) as Taylor’s series about x, and collecting terms gives:

LIy(x); h] = coy(x) +crhyP(x)+- - +cgh?y D (x) +- - -(42)

where ¢;,, ¢ =0,1,2,--- are the constant coeflicients are given
as follows:

co=1-q,
c1 =k=PBio—Biv— X5 Bi
: 43)
k9 vl k41
C":_v_—|ﬁi*v_—!
q! (g-D! (g —1)!
According to Henrici (1962), the main method (4) has order p
if:

k
21 Bjk

Ly(x); h] = O(h"*), (44)

where:

co=c1=--=¢, =0, cpy1 #0.

Therefore, ¢, is the error constant and cp+1h””(xn) is the
principal local truncation error at point x;,.

3.2. Consistency and Zero-stability

3.2.1. Consistency
According to Lambert (1991), a numerical scheme is said
to be consistent if the order p of the method is such that p > 1.

3.2.2. Zero Stability

A numerical method is said to be zero-stable if no root of the
first characteristic polynomial has modulus greater than one that
is if every root with modulus one is simple (Lambert, 1991).
A Linear Multi-step Method is said to be zero-stable if no root
of the first characteristic polynomial defined by:

p(r) = det[rA® — AD] 45)

where A is an identity matrix of dimension k, A" is a matrix
of dimension k and satisfy |r;] < 1 and every root of |rg| = 1,
s = 1(1)k, has multiplicity not exceeding as i — 0.

In what follows, the k-step, m-derivative block method is
written as a matrix finite difference equation of the form:

= AVY, +h[BYF,, + BVF,]
+I*[CVG 1 + CVG,]
+o 4 W22 + 2VZ,]

A©® Y;H-]

(46)

where m is the derivative order. Y,.1, Yy, Fust, Fuy Guet, Gy,
-+, Zy41, Z, are column matrix determined from the derived
methods. A(O), A(l), B(O), B(l), C(O), C(l), e Z(O), 70 are
coefficients matrices of the derived methods. To this end, the
zero stability of the derived methods are discussed below. For
method (27), the matrix difference equation is:

A0y, =AY, + h[BOF,., + BVF,] 47)
where:

Yy+1 = (yn+%syn+%’.)7n+l)r
Y= O t: V20"
Fp+l = (f;q-f—%’fn-}—%?ﬁl-#l)T
Fu= gz )

100 0
AO =10 1 0|, AV=|0
00 1 0

S O O
—_——
———

0 91 1 0 0 3%

0 5880 5830 5880 " 5880
B = ﬁ ﬁ O ) B = 0 0 %
_¥ 49 3 o o0 L
24 24 24 24

Zero-stability is a concept concerned with the limiting factor
of the difference equation as 7 — 0. Therefore, the difference
equation is reduced to:

A0y, = AVY, (49)
in which the first characteristic polynomial:
p(r) =0. (50)

The solution of equation (50) corresponds to equation (45), thus
solving (50) with parameters obtained in (48) gives the roots of

r.
1 00 0 0 1
p(ry=detfr] 0 1 0 |-] 0 0 1 =0 (G20
0 0 1 0 0 1
r 0 -1
p(ry=det|| O r -1 =0 (52)
0 0 r—-1
from (52) we have:
2r-1)=0
oo 53

(48)
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Table 1: Table of Orders and Error Constants of the Derived Multi-Derivative Methods

Method Evaluating points ~ Order Error Constant
Xne1 4 —3;%;) = —8.79E — 04
27 Xy d 4 316060 = —4-05E - 06
X2 4 5k = —6.61E =07
Xns2 5 2= = 1.27E - 03
33 X 5 2907 g0k 06
n+1 282357600 ’
Xnsl 5 - = 4.51E - 04
X9 5 —sinioos = 4.09E — 04
Xpi2 8 smomes = 4.04E — 06
162133 -
40 Kntd 8 1025046 183571200 = 1-08E — 10
Xn+1 8 1244678400 — 247E - 07

Since no root of the characteristic equation violates the condi-
tion: |rg] < 1, s = 1(1)m and m is the highest power of the

characteristics equation p(r) = 0. It is concluded that method
(27) is zero-stable.

Table 2: Table of roots of the characteristic equations for the Derived Multi-
Derivative Methods

Method Absolute value of Roots, ||
27 0,0,1.
33 0,0,0,1.
40 0,0,1.

3.3. Convergence

Stating without proof and following the fundamental the-
orem of Dahliquist as reported by Henrici (1962) for a linear
multi-step method.

3.3.1. Theorem I

The necessary and sufficient conditions for a numerical method
to be convergent are that it is consistent and zero-stable. Here,
it is sufficient to say that the derived methods are convergent
since they are all consistent and zero-stable.

3.4. Linear Stability

The linear stability properties of the derived methods are
determined by expressing them in a form applicable to the test
problem:

y' = Ay, for which y, = Ay, y, = 22

Vs = Wy A< 0 (54)
to yield:
Yy = MQ)Y,, 2= hd (55)
where the amplification matrix M(z) is given by:
M@ = (A9 -zB? - 2¢C0 — ... — JZO) (4D
+zBD + 2D 4. 4 A7)y, (56)

where z = hA. The matrix M(z) has eigenvalues &1,&5, -+ , &, =
0,0, ,&,, where the dominant eigenvalue &, is the stability
66

function R(z) which is a rational function with real coefficients,
m is the order of R(z). The stability function and plot for each
of the derived methods are as given below:

Im (z)

Re (z)

Figure 1: Stability Region of Method (27)

Re (z)

Figure 2: Stability Region of Method (33)



Im (z)

Figure 3: Stability Region of Method (40)

4. Numerical Examples and Results
5. Computational Details

In the implementation of the derived methods, a system
of nonlinear equations must be solved in order to obtain the
desired approximation. To solve these nonlinear systems, a
Newton-Krylov solver, nsoli.m or a modified Newton solver,
nsold was used and compared numerical results with standard
and existing methods in literature. It is important to point that
the numerical methods were programmed via MATLAB 9.2
version on a personal computer with the following specifica-
tions:

System name- HP Pavilion x360 Convertible

Processor- Intel(R) Core(TM) i3-7100U CPU @ 2.40GHz

Installed memory (RAM)- 8.00GB

System Type- 64-bits Operating System, x64-based pro-
cessor

e Operating system- Windows 10

Moreso, computational experiments were done with software
optimization and only the points of emphases were shown.

5.0.1. Example 1
Advection equation where v(x, f) is constant:

ou _ ou
o~ ox
u(x, 0) = exp(—13) (57)

: . _ (x—vt)2
Exact Solution:u(x, t) = exp(—L—z)

v=0.5,L=10,x<[0,1],2 € [0, 1]

is considered.
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5.0.2. Example 2

1+x%
1+ 2xt+2x2 + x*

An advection equation where v(x, ) =

ou u
- = ,)—
o = gy
u(x,0) = exp(—13)
Exact Solution:u(x, t) = exp(—%(x -

L=10,x€[0,1],£€[0,1]

(58)

l-I—t)c2 ))

is also considered.

5.0.3. Example 3
The inviscid Burgers equation where v(x, f) = u(x, t)

ou ou

E = —u(x, [)a
u(x,0) = x (59)

Exact Solution: u(x, 1) = %
x€[0,1],€[0,1].

5.04. Example 4
A nonlinear advection equation with perturbation term:
ou

ou
e— +tu— =

o1 o fx, 0, (x,t)eD=10,1],x[0,1]

u(0,1) = et, u(x,0) = x,

(60)

where f(x,1) = e +et+x, u(x,t) =et+x is the true solution,
€ = 107 is also considered.

6. Tables of Results and Comparison

In this section, the standards methods of Upwind, Lax method,
the method of Wang et al. [11] and the Method were employed
successfully for solving the advection equations. The numeri-
cal results of the proposed method show some superiority over
other methods in-terms of accuracy and reliability. Moreover,
the Method is also effective for solving the equation with sin-
gular terms and other nonlinear singular perturbation problems.
Wang et al. [11] used a perturbation method and reproducing
kernel method in solving a class of singularly perturbed par-
tial differential equation. From Table 3 above, it could be ob-
served that the Method shows high computational strength as it
compares favourably well with some known standard methods
reported. !

From the table above, it could also be observed that the

Method shows high computational strength as it compares favourably

well with some known standard methods reported.
The superiority of the proposed methods could be estab-
lished in the table above. From the table above, it could also be

1(x, t) is the coordinate of x and 7, u(x, ) is the exact solution, UM is the
Upwind method, LM is the Lax method, Method represents the solution using
the Method and Relative error=| u(x, ) - Method |/u(x, t). Percentage error =
Relative error X 100%. CPU time is the method’s computational time.

2(x,1) is the coordinate of x and 7, u(x, f) is the exact solution, UM is the
Upwind method, LM is the Lax method, Method represents the solution using
the Method and Relative error=| u(x, t) - Method |/u(x, f). Percentage error =
Relative error X 100%. CPU time is the method’s computational time.
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Table 3: Numerical Comparison for Example 1 for v(x,7) = 0.5, Ax = 0.1,At = 0.05,L = 10
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(x,0) u(x,r) UM LM Method (27) Relative error ~ Percentage error (%)
(0.1000,0.1000)  0.9999750003  0.9999453153  0.9998539643  0.9999937500 1.87502 E -05 0.0019
(0.2000,0.2000)  0.9999000050  0.9998334259  0.9996180921  0.9999000050 0.00000 0.00
(0.3000,0.3000)  0.9997750253  0.9996699630 0.9993277560  0.9996000800 1.74985 E -04 0.017
(0.4000,0.4000)  0.9996000800 0.9994562666 0.9989757869 0.9991004049 4.99875 E -04 0.050
(0.5000,0.5000) 0.9993751953  0.9991927826  0.9985937720 0.9984012793 9.74525 E -04 0.097
(0.6000,0.6000) 0.9991004049 0.9988796763 0.9981806744 0.9975031224 1.59872 E -03 0.16
(0.7000,0.7000)  0.9987757500 0.9985170174 0.9977971450 0.9964064722 2.37218 E -03 0.24
(0.8000,0.8000) 0.9984012793 0.9981048482 0.9974581631 0.9951119854 3.29456 E -03 0.33
(0.9000,0.9000) 0.9979770489 0.9976432089 0.9972837348 0.9936204364 4.36544 E -03 0.44
(1.0000,1.0000) 0.9975031224 0.9971321487 0.9973810576 0.9919327166 5.58435 E -03 0.56
CPU time NA 0.460000s 0.430000s 0.399600s

Table 4: Numerical Comparison of Example 2 for Ax = 0.1, Ar = 0.05,L = 10
(x,0) u(x,t) UM LM Method (33) Relative error  Percentage error (%)
(0.1000,0.1000)  0.9999900991 1.000150539 1.000294258  1.0005001250 5.10031 E -04 0.051
(0.2000,0.2000)  0.9999230799  1.000304064 1.000350801  0.9999000050 2.30767 E -05 0.0023
(0.3000,0.3000) 0.9997523243  1.000452525 1.000336322  0.9996000800 1.52282 E -04 0.015
(0.4000,0.4000)  0.9994484280  1.000569182 1.000136052  0.9991004049 3.48215E -04 0.035
(0.5000,0.5000)  0.9990004998  1.001112699  0.9998403420 0.9984012793 5.99820 E -04 0.060
(0.6000,0.6000) 0.9984130253 0.9930245386 0.9993584603 0.9975031224 9.11349 E -04 0.091
(0.7000,0.7000) 0.9977006342  1.041218330 0.9987797082 0.9964064722 1.29714 E -03 0.13
(0.8000,0.8000) 0.9968829170 0.9006435880 0.9980268384 0.9951119854 1.77647 E -03 0.18
(0.9000,0.9000) 0.9959804757  1.111721077  0.9972063456  0.9936204364 2.36956 E -03 0.24
(1.0000,1.0000)  0.9950124792  0.9510926234  0.9963208653 0.9919327166 3.09520 E -03 0.31
CPU time NA 0.510000s 0.370000s 0.250000s

Table 5: Numerical Comparison of Example 3 for, Ax = 0.1, Ar = 0.05

(x, 1) u(x,r) UM LM Method (33) Relative error ~ Percentage error (%)
(0.1000,0.1000)  0.09090909091  0.0904875000  0.0904875000 0.09090909091 1.000000 E -16 0.00
(0.2000,0.2000)  0.1666666667 0.1653231744  0.1653231744  0.1666666667  1.000000 E -16 0.00
(0.3000,0.3000)  0.2307692308 0.2283156714  0.2283156715  0.2307692308  1.000000 E -16 0.00
(0.4000,0.4000)  0.2857142857 0.2821173696  0.2821192653  0.2857142857  1.000000 E -16 0.00
(0.5000,0.5000)  0.3333333333 0.3289352242  0.3286585068  0.3333333333  1.000000 E -16 0.00
(0.6000,0.6000)  0.3750000000 0.3543939265  0.3694124359  0.3750000000  1.000000 E -16 0.00
(0.7000,0.7000)  0.4117647059 0.6111136606  0.4055658801  0.4117647059  1.000000 E -16 0.00
(0.8000,0.8000)  0.4444444444  0.00861594345 0.4381714651  0.4444444444  1.000000 E -16 0.00
(0.9000,0.9000)  0.4736842105 38.46493835 0.4681540744  0.4736842105  1.000000 E -16 0.00
(1.0000,1.0000)  0.5000000000 0.1220675888  0.4964220517  0.5000000000  1.000000 E -16 0.00
CPU time NA 0.350000s 0.320000s 0.281250s

observed that the Method shows high computational strength as

it compares favourably well with some known standard meth-

ods reported. 3

From table 6 above, it could also be observed that the Method
shows some superiority in-terms of accuracy when compared
with the method of Wang et al. [11] and also compares favourably

3(x,1) is the coordinate of x and 7, u(x, f) is the exact solution, UM is the
Upwind method, LM is the Lax method, Method represents the solution using
the Method and Relative error=| u(x, ) - Method |/u(x,t). Percentage error =
Relative error X 100%. CPU time is the method’s computational time.

computational time.
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well with some known standard methods reported. *

7. Summary and Discussion of Results

This work contains a new class of multi-derivative method.
The multi-derivative method was considered up to the second

4(x, 1) is the coordinate of x and 7, u(x, ) is the exact solution, UM is the
Upwind method, LM is the Lax method, Method represents the solution using
the Method and Absolute error=| u(x, t) - Method |. CPU time is the method’s
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Table 6: Numerical Comparison for Example 4 for v(x, 1) = u(x,t), Ax=0.01, Ar=0.01, €= 1074
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(x,0) u(x,t) UM LM Wang et al. [11] Method (40) Absolute error
(0.0000,0.0000) 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
(0.0100,0.0100) 0.01000100000 0.01009999010 0.01009999010  0.01000000000  0.01000010000  9.000000 E -07
(0.0300,0.0300) 0.03000300000 0.03089993849  0.03089993849  0.03000000000  0.03000030000 2.700000 E -06
(0.0500,0.0500)  0.05000500000 0.05249984036 0.08002383910  0.05000000000  0.05000050000 4.500000 E -06
(0.0600,0.0600)  0.06000600000 0.06359977227  0.1648091770  0.06000000000  0.06000060000 5.400000 E -06
(0.0800,0.0800) 0.08000800000 0.08639959684  0.4698987551  0.08000000000  0.08000080000 7.200000 E -06
(0.1000,0.1000)  0.1000100000 1.009904485 0.8868283796 0.1000000000 0.1000010000  4.500000 E -06
CPU time NA 0.400000s 0.171875s NA 0.078125s
Table 7: Error Comparison for Example 1 for v(x, ) = 1.0.

N Adrain (2019) PC4 Scheme  Adrain (2019) PC4 Scheme Proposed Method

40 6.43092 E -03 1.81277 E -04 5.58435 E -04

60 9.73768 E -04 2.78696 E -07 3.36544 E -09

80 2.71484 E -04 5.66109 E -09 3.24956 E -10

100 1.06781 E -04 2.87180 E -09 1.33524 E -10

Figure 4: Graph of Exact Solution of Example 1

derivative (k = 2). The method was developed using some
selected off-step points in its formation (this is to improve its
accuracy), evaluation such as collocation and interpolation of
these points were carried out and a system of algebraic equa-
tions was obtained for each value of k together with number of
off-step points considered. These equations were solved to ob-
tain the unknown parameters. The interpolating function is then
evaluated at the selected collocation points to obtain a block
form of this class of methods. These methods were then ana-
lyzed and were found to be stable and convergent.

Table 3-7 show the numerical computational results on prob-
lems advection equations. Extensive comparison was done with
existing and standard methods as shown in the literature. These
methods were demonstrated on some Examples and the supe-
riority of the derived methods over these existing methods was
established. It is worthy to say that the derived methods exhibit
stronger computational strength. Also, Figures 4-11, in pairs,

69

Figure 5: Graph of Numerical Solution of Example 1

show the graphical comparison of derived methods with exact
for the advection problems considered.

8. Conclusion

Multi-derivative techniques are numerical tools designed for
approximating singular problems. These methodologies use the
evaluations of several derivatives at some prior points. Due to
the characterized multi-step nature of some class of these meth-
ods, additional methods of evaluation called the predictor are
always required in computation of previous values. This study
produces a block form of these methodologies which need no
predictions and thereby taking care of this drawback. Multi-
derivative techniques have a long history of improvement in
integrating Ordinary Differential Equations, but to date, a few
class of these techniques have been explored in the integration
of Partial Differential Equations. This research work explored
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Figure 6: Graph of Exact Solution of Example 2 Figure 9: Graph of Numerical Solution of Example 3

Figure 7: Graph of Numerical Solution of Example 2

Figure 11: Graph of Numerical Solution of Example 4

the possibility of multi-derivative methods in integrating singu-
lar advection equations. From the computational results of this
study, it could be observed that the derived methodologies solve
satisfactorily the advection problems.

Figure 8: Graph of Exact Solution of Example 3
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