AIMS Mathematics, 8(3): 5124-5147.
DOI: 10.3934/math.2023257
ATMS Mathematics Received: 20 August 2022

Revised: 16 October 2022

Accepted: 20 October 2022
http://www.aimspress.com/journal/Math Published: 13 December 2022

Research article

Numerical approximations of stochastic Gray-Scott model with two novel
schemes

Xiaoming Wang', Muhammad W. Yasin?>®, Nauman Ahmed’, Muhammad Rafiq** and
Muhammad Abbas®*

' School of Mathematics & Computer Science, Shangrao Normal University, 344001 Shangrao,

China
Department of Mathematics, University of Narowal, Narowal, Pakistan
Department of Mathematics and Statistics, The University of Lahore, Lahore, Pakistan

Department of Mathematics, Faculty of Science & Technology, University of Central Punjab,
Lahore, Pakistan

Department of Mathematics, Mathematics Research Center, Near East University, Near East
Boulevard, 99138 Nicosia/Mersin, Turkey

® Department of Mathematics, University of Sargodha, 40100 Sargodha, Pakistan
* Correspondence: Email: muhammad.abbas@uos.edu.pk; Tel: +923046282830.

Abstract: This article deals with coupled nonlinear stochastic partial differential equations. It is a
reaction-diffusion system, known as the stochastic Gray-Scott model. The numerical approximation
of the stochastic Gray-Scott model is discussed with the proposed stochastic forward Euler (SFE)
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1. Introduction

In recent years, reaction-diffusion systems have gained central importance in different fields of
chemistry and biochemistry such as the lattice Boltzmann model [1], Brusselator model [2], Lengyel-
Epstein model [3], Schnakenberg model [4], glycolysis model [5] etc. A common and envoy chemical
reaction model which explains the irreversible chemical reaction process is the Gray-Scott model. The
Gray-Scott model was proposed by P. Gray and S. K. Scott at the University of Leeds in the 1980s. Its
mechanism is given as

¥+ 20 — 30, rate = kyyo*;
O — Q, rate = k¢,

where W, © are reactants, Q represents the product of the reaction, ¢, ¢ are the chemical concentrations
of the reactants @,V respectively, and k;, k, are the reaction rates and positive constants. It is also
used as a predator-prey model that describes the predominance of one species over the other. The
key feature of the reaction-diffusion systems is pattern formation. The Gray-Scott model has been
extensively studied for the different patterns such as self-replicating patterns, the annular pattern
emerging from circular spots, self-replicating spots, stationary spots, growing stripes, labyrinthian
patterns, spatialtemporal chaos, stripe filaments, travel spots, and many others [6—13].
The dimensionless Gray-Scott [14] model is given below:

ou Y

—_— —_— 2 i

o D, Y uv- + F(1 —u), (1.1)
2

% = DV[;?? +u? — (F + k)v,

D,, D, are the diffusion the coefficients of the u and v concentrations respectively, F is the flow rate
and k is the decay constant.

Here, we consider the 1-D coupled Gray-Scott model under the influence of the multiplicative time
noise as given below:

oY et

6_7] :ala_fz —‘PCD2+A(1 —\P)+V1\PW1(I), (1.2)
2

o0 _ aza—(D +PO? - (A + B)YD + v,OW,(2), (1.3)

on 0&?

with the initial conditions

Y(£,0) = i(©), (1.4)
©(£,0) = Ba(£), (1.5)

and the boundary conditions may be dirichlet or homogenous Neumann conditions.

YO,n) =&, Y(L,n) = e, (1.6)
©(0,n) = &, ®(L,1n) = &, (1.7)
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where Y, ® represent the chemical concentrations, @, @, are the diffusion rates, A represents the
reaction rate of Eq (1.2) and B is the feed rate of Eq (1.3). The noise strengths are represented by
v, and v, and these are the Borel functions. The time series of white noise are W;(¢) and W,(f). The
Wi (#) and W,(¢) are the standard Brownian motions. The state variables are independent of the state of
the Brownian motion. The steady-state equilibrium point of the underlying model is (‘¥*, ®*) = (1, 0).

One can use the three types of boundary conditions i.e., Dirichlet, Neumann and Robin. We have
used the Dirichlet and homogenous Neumann boundary conditions and the problems are uniquely
solvable under these conditions. When we see the majority of the physical systems at the micro-level,
some kind of stochastic behavior is observed. So, it is better to consider the classical model perturbed
with some kind of noise. If the noise in the differential equation’s solution is constrained, then
these systems are stochastic differential equations (SDEs). The numerical solutions of the stochastic
differential are the need of the hour and are a tough job. It becomes more difficult when we have
nonlinear stochastic partial differential equations (SPDEs). We have provided the solution to such
nonlinear SPDEs with two different schemes. Both schemes are consistent with given SPDEs in
the mean square sense. We have discussed the stability of the schemes by using the von-Neumann
technique. Both schemes are time efficient. We have the random selection on each time step of the
numerical scheme which leads to abrupt behavior of the solution and it has been controlled in the
numerical scheme supported by stability and consistency.

In real-life problems, the physical phenomena are generally affected by stochastic factors and
production fluctuations. The stochastic effect may be intrinsic or extrinsic. If one is considering
the partial differential equations with noise as a source term then such equations are known as
SPDEs. The source term may exist in the equations or the conditions. So, SPDEs are taken into
account for a better representation of the physical systems. The analytical solutions of SPDEs are
rarely exists or are impossible to obtain, so the numerical approximation is carried out for such
issues. The classical numerical techniques fail to yield the approximation; due to this reason different
new techniques have been proposed by various researchers. Shardlow worked on the numerical
approximation of the Barkley model of excitable media perturbed with noise by using spectral
approximation and the Barkley method. He concluded that the effectiveness depends upon the SPDEs
under consideration [15]. BabuAika et al. considered the elliptic SDPEs and they proposed a stochastic
collocation method and obtained the numerical results and performed convergence analysis [16].
Another group considered the heat equation under the influence of time series of noise, where the
noise may be additive or multiplicative and discussed the convergence analysis of the given SPDE
and concluded that the rate of the convergence can be improved if there is additive noise present in
the equation and there is no improvement for multiplicative noise [17]. Yasin et al. worked on the
numerical solution of the stochastic FitzZHugh-Nagumo equation by using a stochastic forward Euler
(SFE) finite difference scheme [18]. In [19], the authors extracted the numerical approximation of the
fractional elliptic SPDEs with spatial white noise, analyzed the approximation of mean- square error
and derived an explicit rate of convergence. Namjoo and Mohebbian worked on the numerical solutions
of SPDEs and showed the consistency, stability, and convergence of the proposed scheme [20]. Gyongy
and Martine studied the lattice approximation of the elliptic SPDEs perturbed by white noise on a
bounded domain R for d = 1,2, 3; they obtained the convergence rates of the approximation [21].
Roth used the finite difference methods with Wong-Zakai methods for the numerical approximation of
the hyperbolic SPDEs. He proved the consistency, stability, and convergence of the schemes [22].

AIMS Mathematics Volume 8, Issue 3, 5124-5147.



5127

Igbal et al. considered the stochastic Newell-whitehead-Segel equation and extracts its numerical
solutions by two schemes. The consistency and stability of the schemes were discussed. The
smoothness of the solution was also derived [23]. Du and Zhang worked on the numerical solutions of
the linear SPDEs with special additive noise. They discussed the error analysis and convergence results
of the finite difference methods and finite elements methods [24]. Pettersson and Signahl developed a
numerical scheme for SPDEs of the It6 type and discussed the uniform convergence [25]. Some more
work on the solution of the differential equations under the influence of the noise can be found [26-33].
Baccouch and his co-authors [34, 35] proposed a discontinuous Galerkin method for SDEs. They
proved that the method is convergent in the mean-square sense.
The novelty and contributions of the article are as follows:

(1) When physical systems are observed at the micro level, randomness is present. Naturally, it is
quite better to use the classical models under the influence of some random process. So, we are
considering the classical Gray-Scott system under the effect of some Brownian motion.

(2) For the sake of the numerical investigation of the underlying model, two new schemes have been
developed.

(3) Both schemes are consistent with the given set equations of nonlinear SPDEs of the It type.

(4) The stability of the schemes is shown with the help of the von-Neumann technique. The proposed
scheme I is conditionally stable and its stability condition is derived. The proposed scheme II is
unconditionally stable.

(5) The graphical behavior of the test problem is observed for various values of the parameters. For
the value of noise strength v; = v, = 107'6, the stochastic Gray-Scott system resembles the
classical Gray-Scott system. When the values of the noise strength increased, the pattern formed
start to destroy.

(6) MATLAB 2015a was used for the simulations of the test problem.

The following describes the consistency of the schema.

Definition 1.1. [36-38] A stochastic finite difference scheme L|, U|,; = G|, is consistent with the
SPDE LU = G at a point (¢,n), if there is any continuously differentiable function ¥ = Y(&,n) then

E”(LT - G)lr,s - [Llr,s‘Pl(qu,rAn) - Glr,s]”Z - O (18)

as A§ — 0, An — 0 and (gA, (r + DAn) — (&, ).
2. Proposed stochastic forward Euler scheme

Equations (1.2), and (1.3) are nonlinear SPDEs. The variable ¥,, ®,,, ¥ and @ are approximated
as given below:

(9_\1] _ \Ijlq,r+1 - lIqu,r

on An

8(1) _ (qu,r+1 - (D|q,r

n o m
PV Wlpr, — 2%, + Pl
agr A£? ’
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62(1) _ (I)Iq+1,r - 2(I)|q,r + (qu—l,r
08 A&

b

where A¢ and An are the space and time step sizes respectively. Also, let us assume that we divide the
spatial and temporal coordinates:

&, =qA¢,j=0,1,2,3,.., M,
n=rAn,i=0,1,2,3,...,N.

A
Letr; = 1;' and r, =

to the following equations:

Anas
AfZ

and by replacing all values in Eqs (1.2) and (1.3), they can be reduced

‘qu,r+l = (1 - 21"1 - A']((I)lq,r)2 - AAU)‘qu,r +r (‘P|q+1,r + qu—],r)

+ AAD + v P (WD Wy, 2.1)
q>|q,r+l = (1 - 27’2 - AU(A + B))(D|q,r + r2(q)|q+l,r + (qu—l,r)
+ AP, D> + va®l, (WD — WA, (2.2)

So,Eqgs (2.1) and (2.2) constitute the required proposed SFE scheme (proposed scheme-I) for Eqs (1.2)
and (1.3).

2.1. Consistency of proposed scheme-1
The consistency of the scheme is proved in the mean square sense.

Theorem 2.1. The proposed SFE scheme for Y and ® in Eqs (2.1) and (2.2) is consistent with Eqs (1.2)
and (1.3) in the mean square sense.

Proof. Suppose that W,(&, 1) and ®,(&,n) are smooth functions and applying L(f) = fr (Ar;m" fdu to

Eq (1.2), we get

(r+1)An
LYy, = Y1(gAE, (r + DAR) — Y1(gAE, rAn) — a) f Wige(gAE, u)du
rAn
(r+1)An (r+1)An
+ f W1(gAE, u)(D1(gAE, w)) du — Af (1 =¥, (qAE, u))du
rAn rAn

(r+1)An
. f W\ (gAE, w)d W ().

An
By applying the proposed SFE scheme to Eq (1.2), we get
L, (Y1) = Y1(gAE, (r + DAn) — ¥1(gA, rAn)
Wi((g + DAL, rAn) = 2%1(qA¢, rAn) + ¥1((g — DAL, rAn)
A&?
+ AW 1(gAE, rAn)(@1(gAE, rAm))® — AA(1 — W1(gAé, rAn))
=1V (gAE, rAm) (WD — WA,

- a1An

In the mean square sense, the above two equations can be written as
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(r+1)An
EIL(¥))l,, — LI, 1> < 407E]| (=V¥1e(gA&, )
rAn
N W1((g + DAE, rAn) — 2¥1(qA¢, rAn) + W1((g — 1)AE, rAn) \dul

A&?

(r+1)An
+4E| f (%1(gA&, 1)@, (gAE, 1)? — ¥y (gAE, i) (D1 (gAE, rAn)?) dul
rA
(;]+1)A77
+4E) f (<A1 = ¥1(qAE, w)] + ALl =W, (gA, rAD)]) du’
rA
! (r+1)An
+ 47 f (—¥, (qAE 1) + V' (A€, rAn)) AW, ()]
rAn

By using the Itd’s integral square property, we get

(r+1)An
ElL(\Pl)lq,r - qu,rlP] |2 < 4Q%E| (_\Plff(qAé:’ M)
rAn
L Yillg + DAZ, rAn) — 2%¥1(gA¢, rAn) + ¥1((q — DAZ, rAn) \dul

A&
(r+1)An
+4E] f (P1(gAE, u)(@1(gAE, 1))* = P1(gAE, rAn)( D1 (AE, rAY))? ) dul’
rA
(;7+1)Ar]
+4E] f (CALL = W\(gAE )] + ALL — W\ (qAE, rAn)]) dul’
rA
(;’"7+1)Ar]
+ 4] f E|(-Y1(gAE, u) + ©1(gAE, rAn))Pdu.
rAn

E|L(Dy)l,, — qu,,d>1|2 — 0 as g — oo and r — oo, so the proposed scheme for ¥ is consistent
with (1.2). O

Similarly, we use the same step to show the consistency of Eq (2.2).

(r+1)An
L(D)ly,r = ©1(gAE, (r + 1)AR) — D1(gAS, rAn) — ay f D@:(gAE, w)du
rA

(r+1)An ! (r+1)An

- f W1 (gAE, u)( D1 (gAE, w)*du + (A + B)f (©1(gAE, u))du
rA rA

! (r+1)An !

- sz @, (gAE, w)dWa(u).
rAn

By applying the proposed SFE scheme to Eq (1.3), we get
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qu,r(q)l) = (Dl(qA'f’ (r + I)An) - q)l(qA§:7 ”Aﬂ)

®;((g + DAE, rAn) = 2@,(gA&, rAn) + @((g — 1)AE, rAn)
A&

+ An® (AL, rAn) (W1 (qAE, rAn))* + (A + B)An(®1(gAE, rAn))

— 120y (gAE, rAm) (WY DN — WA,

—ozlAn

In the mean square sense, the above two equations can be written as

(r+1)An
ElL((Dl)lq,r - qu,rq)ll2 < 4aﬁE| (_q)lff(qu’ l/t)
rAn
L 21(g + DAS, rAn) - 201(gA¢, rAn) + ©1((q — DAZ, ran) duf?

A&?

(r+1)An
+4E]| f (‘Pl (GAE, u)(@1(gAE, u))” = W1 (gAE, rAn)( @1 (gAE, rA))?) dul”
rAn

(r+1)An
+4E| f ([A + B)D1(gAE, )] + [—(A + B)D(gAE, rAn))) dul’
rAn

(r+1)An
+4v3E| (—D1(gAE, u) + Di(gAE, rAR)) AW ().

rAn

By using It0’s integral square property, we get

(r+1)An
E|L(®))lg, — Llg, @1 < 4a1E] (—D1g(qAE, u)
rAn
. D,((g + DAL, rAn) — 20,(gAE, rAn) + ©1((g — 1)AE, rAn) duf?

A&?

(r+1)An
+4E| f (P1(GAE, u)( @ (gAE, 1)) = W (GAE, rAn) (@, (GAE, rAm))?) duf®
rAn
(r+1)An
+4E| f ([(A + BYD (A&, u)] + [~(A + BYD(gAE, rAD)]) dul*+
rAn

(r+1)An
+4v; f E|(=®(gAE, u) + @1 (gAE, rAn))|*du.

An

E|L((I)1)|q,,—qu,,(ZDll2 — 0as g — ocoand r — oo, so the proposed scheme for @ is consistent with (1.3).

2.2. Stability of the proposed scheme-1

The stability of the current scheme is shown with the help of von- Neumann criteria.

2.3. Von-Neumann criteria

By this method, ¥, , is replaced in the differential equation as given below:

W, = fpe
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and by doing some basic calculations, one gets the amplification factor as follows [39]:

2

Jar A A 2.3)

fm

E

where y is a constant.
It is a necessary and sufficient condition of stability.

Theorem 2.2. If |1 + AAy — 4ry sin’(25)" < 1 and |1 - (A + B)An — 4r, si’(B25)|" < 1, then the
proposed SFE is stable with (r + 1)An =T.

Proof. As it is a linear analysis, Eq (2.1) is linearized:
Wlyrat = (1= 2 + AADW)g + 11 (Plgsrs + Plyor + V1Pl (WY — WA,
By using Eq (2.3), the above equation takes the following form:
£+ Ape® = ((1 = 2ry + AAR) + 19 + &) 4 yy (WD = WiBT)) f (e @,

S+ An) =f(n) ((1 + AAn —4r sinz(ﬁég)) + yl(WYH)An _ erAﬂ)) .

Using the independence of the Brownian motion and amplification factor can be written as given below:

An)|? AE *
AUR )| '1 + AAy — 4ry sin2 (P25 4 v, P
e 2
if |1+ AAp — 4ry sin(25)" < 1, then
A 2
VY),

where |v||*> = y is a constant, so the given scheme for P is stable. Repeating the same procedure for
the stability of Eq (2.2), we get the following equation:

2 2
A
< '1 — (A + B)An - 4r, sinz('B—zg) + [vaAn;

Jf(n+ An)
fa

if |1 —(A+ B)An—4n, sinz(l%f)|2 < 1, then the above equation reduces to

2

+A
Q)
where |v,|*> = y is a constant, so the given scheme for ® is stable. O
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2.4. Convergence of the proposed scheme-1

The convergence of the scheme is discussed in the mean square sense.

Theorem 2.3. The proposed scheme-I given by Eqs (2.1) and (2.2) is convergent in the mean square
sense.

Proof.
2

E|¥|,, - ¥

)

2
= E‘(Lq,r)_l(Lq,rlqu,r - Lq,r\P)

as the proposed scheme-1is consistentin the mean square sensei.e., L, ,'¥|,, — L,,YasAé — 0,An — 0

and (qA¢, rAn) — (&, 7).
2

E (Lq,r)_l(Lq,r\qu,r - Lq,r\P)

— 0;

2

also, because the scheme is stable, this (Lq,,)‘1 1s bounded. So, E “qu,, —%¥| — 0. Hence the proposed

scheme-I for ¥ is convergent in the mean square sense.

2

E|D|,, - ®

o

2
= E‘(Lq,r)_l(l‘q,rq)lq,r - Lq,r(D)

as the proposed scheme-Iis consistentin the mean square sensei.e., L, ,®|,, — L, PasAé — 0,An — 0

and (qA¢, rAn) — (&, 7).
2

E (Lq,r)_l(Lq,rq)lq,r - Lq,rq)) - 07

2
— 0. Hence, the proposed

also, because the scheme is stable, this (Lq,r)‘1 is bounded. So, E ‘(qu,r -d

scheme-I for @ is convergent in the mean square sense. O
3. Proposed stochastic non-standard finite difference scheme

Equations (1.2) and (1.3) are nonlinear SPDEs. The variable ¥,, ®,, ¥, and @, are approximated
as given below:

0_\11 _ lP|q,r+1 _\qu,r 6(1) _ q)|q,r+1 - (I)lq,r

b

an Ap o Tan o My
82\1” _ lP|q+l,r - 2\P|q,r + lqu—l,r 62(1) _ (D|q+1,r - 2q)|q,r + q)lq—l,r
o0& A& ag A& '

By replacing all values in Eqgs (1.2) and (1.3), they can be reduced to following equations:
Wlor + 11 (Plgars + Wlgo1) + AAD + v Wy (WD — W)
1 +2r; + AAn + Ap®|,,>
Ol + ra(Dlgsr, + Plyor,r + APy, Dly,>) +va @, (W — W)

1 +2r, +An(A + B) '

Equations (3.1) and (3.2) are the required proposed stochastic non-standard finite-difference (NSFD)
scheme (proposed scheme-II) for Eqgs (1.2) and (1.3).

\qu,r+l = s (3.1)

q)lq,r+l =

(3.2)
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3.1. Consistency of proposed scheme-I1

The consistency of the scheme is proved in the mean square sense.

Theorem 3.1. The proposed stochastic NSFD scheme for ¥ and ® in Eqs (3.1) and (3.2) is consistent
with Egs (1.2) and (1.3) in the mean square sense.

Proof. Suppose that ¥(&,n) and @,(&, ) are smooth functions; applying the L(f) = fr (Ar:m" fdu to

Eq (1.2), we get

(r+1)An
LY D, = P1(gAé, (r + 1)An) — Y1 (gAE, rAn) — a; f Wiee(qAE, w)du
rA
(r+1)An (er)An
+ f W1 (gAE, u)(@1(gAE, u))du — Af (1 = W1(gA&, u))du
rAn rAn

(r+1)An
-V f V1 (gA&, w)dW, (u).

An

Applying the proposed stochastic NSFD scheme to Eq (1.2) gives

Ll (‘F1) = Y1(gAé, (r + 1)An) — Y1(qAE, rAn)

W1((g + DAE, rAn) = 2W1(gAE, (r + DAn) + ¥1((g — 1AE, rAn)
AE2

+ An®@(gAE, (r + DAN(Y1(gAE, rAn))” — AAn(1 — W1(gAE, rAn))

— v (GAE, rAm)(W DA — W,

- a1An

In the mean square sense, the above two equations can be written as

(r+1)An
ElL(\Pl)lq,r - qu,r\Pll2 < 4&’%E| (_lplff(qu’ Lt)
rAn
L Yil(g + DAS, rAn) = 2%1(gAZ, (r + DAn) + ¥1((q — DAZ, rAn) i

A&?

(r+1)An
#4E] [ (V1AL 0@ (GA10) - Wi (gAE. rAn)(@1 (@A ran)) dif
rA
(:’]+1)A7]
#4E] [ (AL = PiGAZ 0] + AL = V1 (GAE AT dif
rA
! (r+1)An
4Rl [ CWiaas ) + ViaAE ) AW P
rAn

Applying Itd’s integral square property gives

AIMS Mathematics Volume 8, Issue 3, 5124-5147.
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(r+1)An
ElL(\Pl)lq,r - qu,r\Pll2 < 4&’%E| (_\Plff(qA'f’ I/l)
rAn
N Vi((g + DA, rAn) = 2¥,(qAg, (r + DAn) + W1 (g — DA, rAn))duIZ

AE?

(r+1)An
#4E] [ (V1AL 0@ (gA10) - Wi (gAE. ran) (@1 (A ran)) dif
rA
(Z+1)A7]
#4E] [ (AL = PiGAZ W] + AL = V1 (GAE AT dif
rin

(r+1)An
+ 4} f E|(—Y1(gAE, u) + Dy (gAE, rAn))du.

An

E|IL(®)|,, — Ll,,®1* = 0as g — oo and r — oo, so this proposed scheme for ¥ is consistent
with (1.2). O

Similarly, we use the same step to show the consistency of Eq (3.2).

(r+1)An

L@y, = D1(gAE (r + DAY — By (GAE, rAy) — o f Dee(gAE, u)d

rAn
(r+1)An

(r+1)An
- f W1 (gAE, u)(D1(gAE, w)) du + (A + B)f (@1 (gAE, u))du

An An

(r+1)An
—v, f O, (GAE, W dWa(u).

An

Applying the proposed stochastic NSFD scheme to Eq (1.3) gives

qu,r((Dl) = (Dl(qAé:a (I" + 1)A7]) - (Dl(qAé:’ ”AU)

®((q + DAE, rAn) = 2@,(qA&, (r + 1)An) + ©1((g — DAE, rAn)
A&

+ An®@1(gAE, rAn)(P1(gAE, rA))* + (A + B)AR(D(gAE, rAn))

— V2@ (gAE, rAm)(Wy P = W),

- a1An

In the mean square sense, the above two equations can be written as

(r+1)An
ElL((Dl)lq,r - qu,r(Dl |2 < 4Q%E| (_(lef(qua I/t)
rAn
o ®1((g + DAE r) = 20,(gAE, (r-+ DA + @ul(g = DAE A, o

AL

(r+1)An
+4E| f (W1(gA&, u)(@1 (A&, ))* — W1(gAE, rAm(D1 (gAE, rAn))) duf’
rAn
(r+1)An
+4E| f (LA + BYD1(gAE, w)] + [—(A + B)D1(gAE, rAn)]) dul?
rAn
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(r+1)An
+4V2E) f (=D, (A&, u) + By (GAE, rAm) dWG)P.
rAn

Applying the Itd’s integral square property gives

(r+1)An
ElL((Dl)Iq,r - qu,rq)l |2 < 4Q%E| (_(lef(qAé:a I/t)
rAn
o Qg+ DAE i) = 201(GAE, (+ DA + Di((q = DAE rAp)

A&?

(r+1)An
+4E| f (¥1(qA&, u)(@1(GAE ) —¥1(qAE, rAR(®1(GAE, rAn)Y?) dul
rAn
(r+1)An
+4E| f ([(A + B)D(gAE, )] + [—(A + BYD (gAE, rA)]) dul*+
rAn

(r+1)An
+4v3 f E|(-®1(gAé, u) + D(gAE, rAn)du.
rAn

E\L(®)|y—Lly, Py > - 0as g — coand r — oo, so this proposed scheme for @ is consistent with (1.3).

3.2. Stability of the scheme
Theorem 3.2. The proposed stochastic NSFD scheme is unconditionally stable with (r + 1)An =T.
Proof. Equation (3.1) is linearized as given below:
(1 =2r + AADY¥ly i1 = Pl + 11 (Plgerr + Plgor» + V1T|q,r(WY+l)An - erAn)~
By using Eq (2.3), the above equation takes the following form:

(1=2r + AAf(n + Ame® = (1+ 1@ + &) 1y (WD = W) fape
A
(1= 2r, + AAfn + A = £ ((1 #2 —drysin' (55 4 v (WO - wf“’)) .

Using the independence of the Brownian motion and amplification factor yields

2

2|1+ AAp - 4ry sin®(55%)

f(77 + AU) + V1 |2A77
i) (1 =2r; +AAn) (1-=2r; +AAn) )
) 1+AAp-4ry sin®(82%) 2 Vi 2 _ ; :
Given that —aanany | < 1, and |m| = x, the above equation takes the form:
+ An)?
f@m)

so the given scheme for Y is stable.
Similar to doing calculations on the same pattern, the amplification factor for ® takes the form

2

2 2

2, BAE
)
2 An,

1+2r,—4r, sin

£ S+ An)
(1+2r,+(A+ B)An)

fm

e
A +2n+ A+ B
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1+2r—dry sin?(826) |2 y )
sin*(%5 , _ .
where Tanramay | < 1 and |m| = x. The above equation takes the form
+An)[*
E fn + Am) <1+ xAn.
iG))
So, the given scheme for @ is stable. O

3.3. Convergence of the proposed scheme-11

The convergence of the proposed scheme-II can be proved in the same pattern as proved for the
proposed scheme-1.

4. Graph and discussion

In this section of the article, we are taking two test problems for the numerical results.
Problem 4.1.

oY P .

— =a— - PP’ + Al =) + v\PIW, (1), € Q, 11 > 0,
on 0&?

dD ) .

— =ay— +PD* — (A + B)D + v,®OW,(1),£ € Q, 1 > 0,
on 0&?

which have the following initial and boundary conditions [40],

P(£,0) = 1 —0.5sin'((zx — 507)/100),
@&, 0) = 0.25 sin'®((rx — 507)/100),
W(&o.m) =1, Y(éu,m) = 1, ©(&o,n) =0, ©éu, 1) = 0.

Problem 4.2.
oY o*Y .
— =a— -V + A =) + W (1), £€Q, >0,
on 0&2
oD 9*® .
— =ay— + PP’ — (A + B)D + v,®W1 (1), £ € Q, n> 0,
on 0&2

which have the following initial and homogeneous Neumann boundary conditions [41],
Y(£,0) = 0.342 + 0.09cos cos(&), D(&,0) = 0.228 + 0.09 cos(é).

Here, we have taken the problems for the numerical solution of the stochastic Gray-Scott model
perturbed by time series with white noise. The physical behavior of Problems 4.1 and 4.2 is depicted
through Figures 1-14 respectively. We have compared the numerical results of the stochastic Gray-
Scott model with the classical Gray-Scott model when the noise strength v; = v, — 0 and these results
are the same. When the values of the noise strength increased, the fluctuation in the plots increased.
The noisy strength disturbed the pattern formed in Gray-Scott models and it can be controlled with the
parameter v, and v,. The proposed SFE finite difference scheme is conditionally stable and conditions
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are given in the corresponding stability theorem of the scheme. The proposed stochastic NSFD scheme
is unconditionally stable. The schemes are novel and time efficient. The proposed scheme-I does not
converge toward the steady state point for the whole domain but the proposed scheme-II converges
towards the steady state point (W*, ®*) = (1,0). The graphical behavior depicts the efficacy of both
schemes. When the noise strength v = v, = 1076 — 0, then the stochastic Gray-Scott model
converges to the classical Gray-Scott model and it is shown in this Figures 1 and 2. As the values of the
noise strength increased, the destruction of the pattern was observed. Such fluctuations are controlled
with the control parameters v; and v, which represent the Borel function. The reaction-diffusion models
are used to describe various physical phenomena, such as reversible reaction processes and irreversible
reaction processes and different types of spatial and temporal patterns are formed. The Gray-Scott
system is a reaction-diffusion model and various patterns are formed according to the problem. For
our test problem, replicating behavior was observed for different values of the parameters and these
patterns were damaged due to the increase in the noise strength. The Gray-Scott system is a chemical
concentration model and this system has specific properties such as positivity, and boundedness. So,
there should be such a numerical scheme that preserves the true traits of the system and for such
models, there is a proposed NSFD scheme that preserves such properties. The graphical behavior of
the test problem is performed using MATLAB R2015a and the CPU had the following specifications
Intel® Core™,

FIG. 1(a) proposed SFE Scheme FIG. 1(b)proposed SFE Scheme
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FIG. 1(c) proposed SFE Scheme (£=0.8) e FIG. 1(d) proposed SFE Scheme(£=0.8)
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Figure 1. (a,c) and (b,d) are the numerical solutions of (¢, ) and ©(&, ) obtained by using
the proposed SFE finite difference scheme in 3D and 2D respectively for various values of
parameters i.e., vi = v, = 1075, a; = @, = 0.01,A = 0.064,B = 0.062,M = 100,N =
3000, An = 5/N and A¢ = 90/ M.
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FIG. 2(a) proposed stochastic NSFD Scheme FIG. 2(b) proposed stochastic NSFD Scheme
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Figure 2. (a,c) and (b,d) are the numerical solutions of ¥(¢&,7) and ®(¢,n) obtained by
using proposed stochastic NSFD scheme in 3D and 2D respectively for various values of
parameters i.e., v = v, = 107, = @, = 0.01,A = 0.064,B = 0.062,M = 100,N =
3000, An = 5/N and A¢é = 90/M.

FIG. 3(a) proposed SFE Scheme FIG. 3(b)proposed SFE Scheme
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FIG. 3(c) proposed SFE Scheme (£=0.8) 10737 FIG. 3(d) proposed SFE Scheme(£=0.8)
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Figure 3. (a,c) and (b,d) are the numerical solutions of (&, ) and ©(&, ) obtained by using
the proposed SFE finite difference scheme in 3D and 2D respectively for various values of
parameters i.e., vi = 0.005,v, = 0.09,a; = @, = 0.01,A = 0.064, B = 0.062, M = 100, N =
3000, An = 5/N and A¢ = 90/M.
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FIG. 4(a) proposed stochastic NSFD Scheme

FIG. 4(b) proposed stochastic NSFD Scheme

FIG. 4(c) proposed stochastic NSFD Scheme(£=0.8)
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Figure 4. (a,c) and (b,d) are the numerical solutions of ¥(¢&,7) and ®(¢&, ) obtained by
using the proposed stochastic NSFD scheme in 3D and 2D respectively for various values of
parameters i.e., vi = 0.005,v, = 0.09,a; = @, = 0.01,A = 0.064, B = 0.062, M = 100, N =
3000, An = 5/N and A¢é = 90/M.

FIG. 5(a) proposed SFE Scheme

FIG. 5(c) proposed SFE Scheme (£=0.8)
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Figure 5. (a,c) and (b,d) are the numerical solutions of (¢, ) and ©(&, ) obtained by using
the proposed SFE finite difference scheme in 3D and 2D respectively for various values of
parameters i.e., v; = 0.009,v, = 0.1,a; = @, = 0.01,A = 0.064,B = 0.062, M = 100,N =
3000, An = 5/N and A¢ = 90/M.
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FIG. 6(a) proposed stochastic NSFD Scheme FIG. 6(b) proposed stochastic NSFD Scheme
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Figure 6. (a,c) and (b,d) are the numerical solutions of ¥(¢&,n) and ®(&, ) obtained by
using the proposed stochastic NSFD scheme in 3D and 2D respectively for various values of
parameters i.e., v; = 0.009,v, = 0.1,a; = @, = 0.01,A = 0.064,B = 0.062, M = 100, N =
3000, An = 5/N and A¢é = 90/M.

FIG. 7(a) proposed SFE Scheme FIG. 7(b)proposed SFE Scheme
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Figure 7. (a,c) and (b,d) are the numerical solutions of (¢, ) and ©(&, ) obtained by using
the proposed SFE finite difference scheme in 3D and 2D respectively for various values of
parameters i.e., v = 0.005,v, = 0.09,a; = 0.01,a, = 0.01,A = 0.09,B = —-0.038, M =
100, N = 3000, An = 5/N and A¢ = 90/M.
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FIG. 8(a) proposed stochastic NSFD Scheme FIG. 8(b) proposed stochastic NSFD Scheme
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Figure 8. (a,c) and (b,d) are the numerical solutions of Y(¢, ) and ®(&, ) obtained by using
the proposed SFE finite difference scheme in 3D and 2D respectively for various values of
parameters i.e., v = 0.005,v, = 0.09,a; = 0.01,a, = 0.01,A = 0.09,B = —-0.038, M =
100, N = 3000, Ap = 5/N and A¢ = 90/M.
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Figure 9. (a,c) and (b,d) are the numerical solutions of W(¢&,7) and ®(¢&,n) obtained by
using the proposed stochastic NSFD scheme in 3D and 2D respectively for various values
of parameters i.e., v = 0.009,v, = 0.1,a; = 0.01,a, = 0.01,A = 0.09,B = -0.038, M =
100, N = 3000, An = 5/N and A¢ = 90/M.
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FIG. 10(a) proposed stochastic NSFD Scheme FIG. 10(b) proposed stochastic NSFD Scheme
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Figure 10. (a,c) and (b,d) are the numerical solutions of W(&,77) and ®©(&,n) obtained by
using the proposed stochastic NSFD scheme in 3D and 2D respectively for various values
of parameters i.e., v = 0.009,v, = 0.1,a; = 0.01,a, = 0.01,A = 0.09,B = -0.038, M =
100, N = 3000, Ap = 5/N and A¢ = 90/M.

FIG. 11(a) proposed SFE Scheme FIG. 11(b)proposed SFE Scheme
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Figure 11. (a,c) and (b,d) are the numerical solutions of (&, ) and ®(&, i) obtained by using
the proposed SFE finite difference scheme in 3D and 2D respectively for various values of
parameters i.e., vi = 0.5,v, = 05,a; = l,a, = 025,A = 1I,B = 0.25,M = 50,N =
3000, An = 10/N and A¢ = 10/M.
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FIG. 12(a) proposed stochastic NSFD Scheme FIG. 12(b) proposed stochastic NSFD Scheme
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Figure 12. (a,c) and (b,d) are the numerical solutions of W(¢,77) and ®©(&,n) obtained by
using the proposed stochastic NSFD scheme in 3D and 2D respectively for various values
of parameters i.e., vi = 0.5,v, = 0.5,a; = 1,a, = 0.25,A = 1,B = 0.25,M = 50,N =
3000, Anp = 10/N and A¢ = 10/M.

FIG. 12(a) proposed SFE Scheme FIG. 13(b)proposed SFE Scheme
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Figure 13. (a,c) and (b,d) are the numerical solutions of (&, ) and (&, i) obtained by using
the proposed SFE finite difference scheme in 3D and 2D respectively for various values of
parameters i.e., vi = 09,v, = 0.9,a; = 1,a, = 025,A = 1I,B = 0.25,M = 50,N =
3000, An = 10/N and A¢ = 10/M.
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FIG. 14(a) proposed stochastic NSFD Scheme FIG. 14(b) proposed stochastic NSFD Scheme
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Figure 14. (a,c) and (b,d) are the numerical solutions of W(&,7) and ®(&, ) obtained by
using the proposed stochastic NSFD scheme in 3D and 2D respectively for various values
of parameters i.e., vi = 0.9,v, = 0.9, = l,a, = 0.25,A = 1,B = 0.25,M = 50,N =
3000, An = 10/N and A¢ = 10/M.

5. Conclusions

In this manuscript, the stochastic Gray-Scott model has been numerically discussed. The underlying
model is an autocatalytic chemical reaction-diffusion system that produces a variety of patterns.
The 3D plots of chemical concentration represent the self-replication behavior was is observed in
all 3D plots. The numerical solution has been obtained by using the proposed SFE scheme and the
proposed stochastic NSFD scheme. The linear stability analysis of each scheme with the help of the
von- Neumann criteria has been presented. The proposed SFE scheme is conditionally stable and the
condition of stability is given in the corresponding stability theorem the stochastic NSFD scheme is
unconditionally stable. Both schemes are consistent in the mean square sense with a given system of
equations. The convergence of each scheme is also proved. When v; = v, = 107!, the stochastic
Gray-Scott model truly resembles classical Gray-Scott models as shown in Figures 1 and 2 for two
proposed schemes. When the value of the noise strength increased then the pattern deformed. The 3D
and 2D graphical representations yielded the efficacy of the time-efficient schemes. Both schemes are
novel and time efficient. The stochastic behavior of the underlying model is the novelty. This article
will motivate and encourage the researchers, providing deep insight into the chemical reaction models
under the influence of random processes.
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