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Abstract This paper deals with the numerical solution of a class of reaction diffusion equations
arises from ecological phenomena. When two species are introduced into unoccu-
pied habitat, they can spread across the environment as two travelling waves with
the wave of the faster reproducer moving ahead of the slower.The mathematical
modelling of invasions of species in more complex settings that include interactions
between species may restricts to pairwise interactions. Three mathematical models
of invasions of species in more complex settings that include interactions between
species are introduced. For one of these models in general form a computational
approach based on finite difference and RBF collocation method is established. To
numerical solution first we discretize the proposed equations by using the forward
difference rule for time derivatives and the well known Crank-Nicolson scheme for
other terms between successive time levels. To verify the ability and robustness of
the numerical approach, two test problems are investigated.
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1. INTRODUCTION

Today the development of mathematical models is of vital importance for under-
standing and management of ecological processes. Identifying the complex relation-
ships between ecological patterns and processes is a crucial task [1, 2, 3, 4, 7, 8, 11,
14, 19]. Qualitatively and quantitatively, mathematical models play a vital role in
analysing ecological systems.

Many ecological phenomena may be modelled using apparently partial differential
equations (PDE’s) involving space and possibly time. Using these models allows
modellers to well understand the complicate phenomena and to incorporate both
temporal and spatial processes simultaneously into equations governing population
dynamics [1, 3, 4, 8]. It is becoming clear that the simplest models cannot capture
the rich variety of dynamics observed in natural systems.

On the other hand the PDEs that are sufficiently realistic to be used in ecological
models are usually very complex and difficult to solve [1, 3, 8].

Reaction-diffusion equations are widely used as models for spatial effects in ecol-
ogy. They support three important types of ecological phenomena: the existence
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of a minimal patch size necessary to sustain a population, the propagation of wave-
fronts corresponding to biological invasions, and the formation of spatial patterns in
the distributions of populations in homogeneous environments [3, 8]. These models
emphasize that simple organism movement can produce striking largescale patterns
in homogeneous environments and that in heterogeneous environments, movement of
multiple species can change the outcome of competition or predation [3, §].

The first formal mathematical attempts to model ecological invasions via reaction-
diffusion equations were made by Skellam ([19]) who modelled the expansion of
muskrat populations in Europe. His model of invading animals with diffusion move-
ment and malthusian growth predicts that the area occupied by an invader will
increase linearly with time [3, 8]. Reaction-diffusion invasion models exhibit more
striking behavior when population growth is not exponential but instead is regulated
by density-dependent mortality. These models produce travelling waves of invaders
that spread out from their "beachhead” at a constant velocity and shape. Travelling
waves are a common feature of many reaction-diffusion models [4]. A final refinement
in invasion theory involves the relaxation of restrictions on population growth func-
tions, by the addition of an Allee effect whereby at low densities population growth
is negative [8]. Models involving population growth with an Allee effect plus diffusive
dispersal also produce travelling waves of invaders [1, 3, 8, 19].

Some classes of reaction-diffusion equations may be analyzed by means of methods
from the theory of partial differential equations and dynamical systems. But usually
finding the exact solution of nonlinear PDEs is a complex task and in a lot of nonlinear
PDE problems, one can not solve them analytically. In recent years considerable
studies has been done in the numerical solution of nonlinear PDEs. The investigation
of exact and numerical solutions for nonlinear partial differential equations (NLPDEs)
plays an important role in the study of nonlinear physical phenomena. These solutions
when they exist can help one to well understand the mechanism of the complicated
physical phenomena and dynamical processes modelled by these nonlinear evolution
equations. In this paper an approximate solution for a system of nonlinear reaction-
diffusion models is presented using radial basis functions (RBF) collocation method
of lines. Recently using the RBFs has drawn attention of many researchers in science
and engineering as a truly meshless method for approximating the solutions of linear
and nonlinear functional equations such as PDEs. Several works have been adopted
in this field in the literature [5, 6, 9, 10, 12, 13, 15, 16, 17, 20, 21]. Numerical studies
illustrates the advantages of using this mesh-less methods to solve initial and/or
boundary value problems [13, 16]. In comparison with the classical methods such as
finite difference or finite element methods for solving PDE’s, the RBF methods do not
depend on computational grids or meshes and are very simple to implement [10, 13].
In addition RBF methods usually possess superior rate of convergence [9, 12, 21].
The large number of recent research works on mesh-less methods especially RBF
collocation method for solving nonlinear PDE’s demonstrates the popularity that the
methods have recently enjoyed.

This paper is organized as follows:

In section 2 some mathematical models of our interest phenomena are reviewed.
Section 3 contains a general form of one the models introduced in section 2 and a
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numerical procedure based on finite difference and RBF methods to solve this problem.
In section 4 some test problems are considered and analyzed. Section 5 contains the
conclusions.

2. PROBLEM FORMULATION

In this section we review three nonlinear reaction-diffusion models proposed in [8].
According to [8], when two species are introduced into unoccupied habitat, they can
spread across the environment as two travelling waves with the wave of the faster
reproducer moving ahead of the slower. The mathematical modelling of invasions
of species in more complex settings that include interactions between species may
restricts to pairwise interactions. A reasonable model for the spread of two competing
species can derived as [§]

2
% = Du% + (7’“ — QU — OéuvU)U,
@2.1)
2
% = Dv% + (Tvavvv - avuu)va

where u and v are the densities of the two species, D,, and D, are species-specific
diffusion rates, r, and r, are species-specific intrinsic rates of increase, and the a’s
represent interspecific and intraspecific competition coefficients.

On the other hand the Lotka-Volterra predator-prey models with diffusion are
represent similar mathematical formulation to predator-prey interactions [8, 4]. An
important class of these models may be derived as [8]

9 9>
St = Dy5% +ru(l — ) — g,
(2.2)
o) 82
7: = D'L)T;pg — [+ Qupu,

where p the per capita mortality rate of predators in the absence of prey, aw, rep-
resents the rate at which predators consume prey, and «,, represents the rate at
which predators convert prey into new predators. It should be pointed out that if
both predator and prey colonize an environment that is initially empty, their spread
cannot be mathematically represented by a travelling wave and the spread in this case
does form wave-like patterns [3, 4, 8]. But if the prey already exists uniformly across
the environment and a predator is released, the situation is analogous to the spread
of disease through susceptible hosts, and travelling waves of predator and prey will
ensue [4, §].

For investigating the influence of patch size and geometry on the population dynam-
ics of organisms living within habitat patches, the proposed models may be considered
in a more general form named the cross-diffusion model as follows [8]

2
% = Du% +ru(l — %)+ v(u),
(2.3)
2
% = DU% —HU+W(U)7

where v(u) and w(u) denote the growth functions and can be positive or negative
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functions. This model describes organisms that avoid each other by increasing their
dispersal rate in response to both conspecifics and nonconspecifics [8].

For more details about the physical interpretation of these models, we refer the
readers to [1, 3, 8] and the references therein. In sequence we focus on finding the
numerical solution for the model (2.1). Similar procedures can be developed for
solving the equations (2.2) and (2.3).

3. METHOD OF SOLUTION

3.1. Discretization of the main problem. In this section a numerical procedure is
established for solving the equation (2.1). To this end first we consider this equation
in more general form as an initial-boundary value problem as follows

2

% = Du% + (ry — Quatt — auv)u + F(z,t), (z,t) € Q, (3.1)
@:D@—l—(ra v — uuu)v + G(z,t), (x,t) € Q (3.2)
Bn v 502 v Qo vu 1), (@, ) :

u(z,0) = f(x), (3.3)
v(z,0) = g(x), (3.4)
1 ()u(0,1) + ca(t)ua (0, 1) = @1 (1), (3-5)
es(t)u(l,t) + ca(tyua(1,8) = 1 (1), (3.6)
e5(t)v(0,8) + c6(t)v2(0,1) = 2 (1), 3.7)
cr()v(1,t) + cs(t)vyp(1,t) = a(t), (3.8)

where © = (0,1) x (0,1). In this problem all functions in the main equations and
conditions are considered as known Lo functions. To numerical solution first we dis-
cretize the equations (3.1) and (3.2) by using the forward difference rule for time
derivatives and the well known Crank-Nicolson scheme for other terms between suc-
cessive time levels n and n+ 1. Suppose At denotes the time step size, t,, = to +nAt,
U" = u(z,t,), V* = V(a,t,), F(x,t,) = F" and G(z,t,) = G™. Discretizing these
equations yields

Un+1 —_pyn _ D U;L;r1+U;Lx ey Un+1+Un . U2"+1+U2”
At - 2 “ 2 “ 2
uv)rtt 4+ ov)"
IOV 59)
Vn+1 —yn _ erfv—&-l_i_vwr; e V2n+1+v2n+1
At = v D) v Xyy D)
Uv n+1 Uv n+1
V) ;( " e (3.10)

In these equations one may linearize the nonlinear terms by using the following formula
which readily obtained by applying the Taylor expansion [18]
(uv)yrtt = yrttyn 4 gryntt _gnyn, (3.11)
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Using the formula (3.11), the equations (3.9) and (3.10) can be rewritten as

U™ — D AU — r AtU™ 4 20, U U™
+ay AHUYV T 4yt

= (24 r ,A)U" + D, AU, + F™, (3.12)
2V — D ALV — 2Atr, 00, VIV
F AL UV L VU™ = 2V + D ALV 4+ G (3.13)

3.2. Meshless numerical approach. In this section we demonstrate the computa-
tional aspects of a meshless method based on collocation with radial basis functions
to solve the problem (3.12)-(3.13) with respect to the initial an boundary conditions
(3.3)-(3.8).

Let us choose the collocation points x;,4 = 0,1,..., N over [0,1] such that z;,i =
1,...,N — 1 are interior points and z;,7 = 0, N are boundary points and then apply
the following approximation

N N
u(w,ty) =Um = 3 N'G(ry), v(x,t) = V"= 4re(r;), (3.14)
j=0 j=0

where n is the number of time iterations, N is the number of the data points, A% and
A7, j=0,1,...,N, are the unknown coefficients to be determined later, r; = |z — z;|

is the Euclidean norm between points x and z;. The function ¢(r) may considered
as a combination of the RBFs ¢1(r) (MQ) and ¢2(r) (IMQ) which defined as

¢(r) = 0¢1(r) + (1 = 0)pa(r), (3.15)

where ¢1(r) = V2 + €2, ¢o(r) = \/ﬁ’
the shape parameter of these RBF's.
The first and second derivatives of the approximate solutions can be found as

~ZA 7i)s Una(, bn) ~ZA d2¢

f is a control parameter, # = 0,1 and ¢ is

ug(x,tp)

d
ve(z,ty) = VI QZ%@%MQ), Vg (2T, t0) ZWJ el
j=0

(3.16)

To determine the interpolation coefficients A7 and 77, j = 0,1,..., N the collocation
method is used. For each time iteration n = 1,2,..., one needs to determine the
2N + 2 unknown coefficients from the boundary conditions given at zy and xy and
collocating U™ and V™ at the remaining N — 1 distinct uniformly distributed interior
points x; in [z1,xn_1] as

N

N
w(@i tn) = U =Y N2(rij), vl(wity) = V=Y 4ré(ry),  (3.17)

J=0 J=0

=
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where r;; = |z; — x;|. Substituting equations (3.17) into equations (3.12) and (3.13)
at the collocation points x; and using the boundary conditions yields the following
linear equations

N N N
(2 = ru At + 20t Y A G(rij) + Aty Y A1 d(rig) Y N o(ri;)
j=0

Jj=0 Jj=0

-D AZ/\"'H @ (rij) Atozm,Z)\ &(rij) Z ntlg &(r4j)

7=0
N N
=F + DuAY X' (rij) + ruAt Y No(ri;), i=1,.,N =1, (3.18)
j=0 =0
N N
(2 = 27y Aty Z Vi B(riz) + Aty Z N o(riz)) Z ’y"Jr1 &(rij)
=0 j=0
N N
—D,At Z 7n+1 (rij) + (Atawy Z V5 0(ris)) Z )‘;'L+1¢(Tij)
j=0 §=0
N
=G} + DALY v1¢" (ryy), i=1,..,N -1, (3.19)
=0
and
N N
c1ltnsn) Y ATTI(rog) + ealtarn) YA (o)) = piltusa),  (3.20)
=0 j=0
N N
ca(tni1) D AT O(rNg) + caltnin) DN (rvg) = Wiltara),  (3:21)
3=0 j=0
N N
¢s(tn1) D7) 0(rog) + coltnsn) D71 (o) = @iltnrn),  (322)
=0 =0
N N
c7(tns1) Zv] o(rng) + cs(tnsr) wa%’(m) = @iltns1).  (3.23)

.
=

.

I
o

Equations (3.18) and (3.23) denote a system of (2N + 2)(2N + 2) linear equations
which can be written as

AN =, (3.24)
where
An+1 P‘n+1 )‘n+1 e a)‘TJ:]+17’Y(TJ’+15 ’Y{H_ 77]7\L]+1]ﬂ (325)

and the elements of the coefficient matrix A and the right hand side vector b can be
easily read from the equations (3.18)-(3.23).
[c]v)
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4. NUMERICAL EXPERIMENTS

In this section, the approximate results of the model equations presented in Section
2, obtained by using MQ and IMQ RBFs are discussed. To show the ability and
effectiveness of the proposed method, two numerical examples are investigated. In
these numerical examples to verify the accuracy of the numerical results, we use
the discrete Ly and Lo, error norms by using differences between the analytical and
numerical results at the node points. For test problems whose analytical solution
is known, the following error norms will be used to measure the error between the
analytical and numerical solutions

N

L2 = hz |Ugwact - ngp?"|27 (41)
i=0

LOO = mja'X ‘ngact - ngpr|7 (42)

at the data points x; where h = %

Recent achievements regard to the RBFs show that the accuracy of the RBFs
solution, depends heavily on the choice of the shape parameter € spatially in the MQ
or inverse IMQ basis functions. The choice of this optimal value is still under intensive
investigation. Recently some authors have focused on determination of optimal values
for the shape parameters in RBFs for some special problems [5, 6]. Determination of
suitable shape parameter is extracted experimentally for the each types of RBFs used
in this study. In our experiments the optimal value of ¢ is to be found numerically
for each radial basis function and for each problem separately.

In the problem (3.1)-(3.8) let

Du:4a Dv:]-7 Ty =Ty =2, Oyy = Qyy = Qup = Qlyy = 1,
c1(t) = ea(t) = c3(t) = ca(t) = es5(t) = c6(t) = er(t) = es(t) =1,

1+ 3¢2 9 + 5t2
70 = ]-, t) = 1 o\ t) = o 1 4o\
u(x ) SDl( ) (1 +t2)2 1Z)l( ) (3 +t2)2
14262 +¢3 4+t+ 32+ 3
’U(Iv ) ) <)02( ) (1+t2)2 ) 1/)2( ) (2+t2>2
With these assumptions the exact solutions are considered as
14 2x 1+t+x

u(x,t) = o2t 20 v(x,t) = T2 e +a
The functions F(x,t) and G(x,t) are extracted form the exact solutions.

This numerical example is studied by using mesh size h = 0.05 and the time step
At = 0.01. The graphs of exact and numerical solutions at times t=0.3, 0.7 are
demonstrated in Figures 1-4 for MQ and IMQ RBFs.

Tables 3 and 4 respectively report the Lo and L, error norms between the exact
and approximate v and v at ¢ = 0.3 for some shape parameters.

Throughout the simulation, the Lo, and Ly error norms decrease with the smaller
time step size. Numerical results show that the effectiveness of the radial base func-
tions MQ is better than IMQ for this problem.
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FIGURE 1. The comparison between the Exact and Approximate
solutions for u(x,t) when ¢ = 0.7, 6 = 1 at two time levels ¢ =
0.3, t = 0.7 for Example 1.

Time 0.3 Time 0.7
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FIGURE 2. The comparison between the Exact and Approximate
solutions for u(x,t) when ¢ = 1.2, § = 0 at two time levels ¢ =
0.3, t = 0.7 for Example 1.
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X X

F1GURE 3. The comparison between the Exact and Approximate
solutions for v(z,t) when € = 0.7, § = 1 at two time levels t =
0.3, t = 0.7 for Example 1.
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In the problem (3.1)-(3.8) let
Dy=1 Dy=4, ry =1y =1, Gy = Quy = Qup = Qg = 1,
ci(t) =t, cot) =12, c3(t) =1, cy(t) =1+ 12,
cs(t) =t, co(t) =1, cr(t) =1, cg(t) =2,

e

0
z,0) = cosz, pa(t) =te !, Py(t) = e *(cos1 —t*sinl),

(z,t) = e M sinz(—2e?" + t' cosx + sinz),

v

o

G(x,t) = e 3" cos x(3e* + e cosz — sinx).

1‘7 =S .’I;,Qp - 5 - COS COSs )
— S1n t —te t = e 0] +t (e} |+ 1n \
(
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FIGURE 4. The comparison between the Exact and Approximate
solutions for v(z,t) when € = 1.2, § = 0 at two time levels t =

0.3, t = 0.7 for Example 1.
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TABLE 1. The Lo and L., error norms verses the shape parameter

in Example 1 at ¢t = 0.3 for w.

RBF shape parameter € | Ly error norm | L., error norm

MQ@=1) [0.3 7.4976 x 1073 | 8.3831 x 1073
0.5 3.0754 x 1073 | 4.9779 x 1073
0.7 3.0841 x 10~* | 4.8956 x 10~*
0.9 7.9641 x 10~* | 9.4643 x 10~*

IMQ(6 =0) | 0.8 1.1081 x 1072 | 2.5322 x 10~
1 2.8643 x 1072 | 6.9851 x 1073
1.2 1.8264 x 1072 | 3.5856 x 1073
1.4 5.6658 x 1072 | 8.1926 x 1073

TABLE 2. The Lo and L., error norms verses the shape parameter

in Example 1 at t = 0.3 for v.

RBF shape parameter ¢ | Ly error norm | L., error norm

MQ@=1) [0.3 5.1052 x 1072 | 8.2055 x 103
0.5 3.2728 x 1073 | 4.8362 x 1073
0.7 2.5789 x 10~* | 3.8771 x 10~*
0.9 8.3597 x 10~* | 9.8853 x 10~*

IMQ(# =0) | 0.8 4.4957 x 1072 | 8.4498 x 102
1 5.9174 x 103 | 9.9091 x 103
1.2 2.1228 x 1073 | 3.6093 x 1073
14 3.6001 x 1073 | 7.1818 x 1073

With these assumptions the exact solutions may be derived as

u(z,t) = e Hsing, v(z,t) =e

(<)
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In this test problem we adopt our proposed numerical method using mesh size h =
0.05 and the time step At = 0.01. Figures 5-8 show the exact and numerical solutions
at times t = 0.3 and ¢t = 0.7 for MQ and IMQ RBF's.

FIGURE 5. The comparison between the Exact and Approximate
solutions for w(x,t) when ¢ = 0.45, § = 1 at two time levels ¢t =
0.3, t = 0.7 for Example 2.

Time 0.3

Time 0.7
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021
Approximate
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0.0
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0.0 0.2 04 0.6 0.8 0.0 0.2 04 0.6 08

F1GURE 6. The comparison between the Exact and Approximate
solutions for u(z,t) when € = 0.75, § = 0 at two time levels ¢t =
0.3, t = 0.7 for Example 2.
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031

uxb)
uxh

Tables 3 and 4 respectively demonstrate the Lo and L., error norms between the
exact and approximate u and v at t = 0.3 for some shape parameters.

For this problem, rather than the previous problem, different shape parameters
are obtained via our computation. Throughout the simulation, the Lo, and Ly error
norms decrease with the smaller time step size. Similar to the test problem 1, the
numerical results show that the effectiveness of the radial base functions MQ is better
than IMQ for this problem.

5. CONCLUSION

Three mathematical models of ecological phenomena are considered in this study.
The proposed models introduced as systems of nonlinear reaction-diffusion equations.
A RBF collocation method of lines is proposed to solve one of the proposed mod-
els numerically. To this end two important types of RBFs namely MQ, IMQ are
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FIGURE 7. The comparison between the Exact and Approximate
solutions for v(x,t) when ¢ = 0.45, # = 1 at two time levels ¢ =
0.3, t = 0.7 for Example 2.

Time 0.3 Time 0.7

07 H\

>0 —@— Exat

Approximate Approximate

V(X,t)

0.0 02 04 0.6 08 0.0 0.2 04 0.6 08

FIGURE 8. The comparison between the Exact and Approximate
solutions for v(x,t) when ¢ = 0.75, # = 0 at two time levels ¢t =

0.3, t = 0.7 for Example 2.
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TABLE 3. The Lo and L., error norms verses the shape parameter
in Example 1 at ¢t = 0.3 for u.

RBF shape parameter € | Ly error norm | L., error norm

MQ(@=1) [0.35 6.0196 x 10~* | 8.4538 x 10~1
0.45 3.2592 x 10™* | 4.9309 x 104
0.55 2.3935 x 1072 | 4.4225 x 1073
0.65 4.0121 x 1072 | 7.9234 x 1072

IMQ(f = 0) | 0.65 7.8131 x 1072 | 9.067 x 1073
0.75 3.5831 x 1072 | 4.7054 x 103
0.85 2.1299 x 1072 | 4.6571 x 1072
0.95 4.4113 x 102 | 7.0605 x 10~2

used. The numerical results show a good agreement between the exact and numerical
solutions. The proposed approach can be established for solving two other models
introduced in this study.
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(1]
2]
(3]
(4]
(5]
[6]
[7]
(8]
(9]
(10]
(11]

(12]

(13]

14]

(15]

(16]

TABLE 4. The L, and L., error norms verses the shape parameter

in Example 1 at ¢t = 0.3 for v.

109

RBF shape parameter € | Ly error norm | L., error norm

MQ@#=1) |0.35 8.1516 x 10~% [ 9.9703 x 104
0.45 4.4408 x 1074 | 5.1174 x 104
0.55 3.3968 x 1073 | 5.7108 x 1073
0.65 5.2979 x 1072 | 8.0093 x 1072

IMQ(0 = 0) | 0.65 4.5425 x 1073 | 8.4608 x 103
0.75 1.9729 x 1073 | 3.6828 x 1073
0.85 3.1964 x 1072 | 4.7591 x 102
0.95 3.8838 x 1072 | 7.9801 x 102
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