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Abstract. Discretization of a continuous-time system of differential equations becomes inevitable due to the lack of analytical
solutions. Standard discretization techniques, however, have many things that could be improved, e.g., the positivity of the
solution and dynamic consistency may be lost, and stability and convergence may depend on the step length. A nonstandard
finite difference (NSFD) scheme is sometimes used to avoid inconsistencies. There are two fundamental issues regarding
the construction of NSFD models. First, how to construct the denominator function of the discrete first-order derivative?
Second, how to discretize the nonlinear terms of a given differential equation with nonlocal terms? We define here a uniform
technique for nonlocal discretization and construction of denominator function for NSFD models. We have discretized a
couple of highly nonlinear continuous-time population models using these consistent rules. We give analytical proof in each
case to show that the proposed NSFD model has identical dynamic properties to the continuous-time model. It is also shown
that each NSFD system is positively invariant, and its dynamics do not depend on the step size. Numerical experiments have
also been performed in favour of such claims.
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1. Introduction

Nonlinear systems of ordinary differential equations are frequently used to unveil the underlying dynamics
of physical, chemical and biological phenomena. In most cases, it becomes impossible to find the analytical
solution of the system in a compact form. For this, the need for a numerical solution arises for which
discretization of the continuous-time model is essential. Standard finite difference schemes, such as the Euler
method, Runge-Kutta method etc., are commonly used discretization techniques for numerical solutions of both
ordinary and partial differential equations [1-3]. However, there are significant drawbacks to these widely used
discretization methods. First, the behaviours of standard finite difference schemes strictly depend on the step
size and therefore, such schemes exhibit step-size dependent instability [4]. For example, the simple logistic
equation in the continuous system and its corresponding Euler discrete equation are represented, respectively, by

t=x(1—x), 2(0) =10 >0, (1.1)

Tip1 = Tt + hxt(l — Jit), x> 0, (1.2)

where h > 0 is the step-size. It is easy to show that the nontrivial fixed point z = 1 of the continuous system
(1.1) is always stable. Still, for the discrete system (1.2), stability holds for i < 2 only and unstable if & > 2. The
bifurcation diagram (Figure 1) of the system (1.2) with step-size h as the bifurcation parameter shows period-
doubling bifurcation, leading to chaos [5]. Thus, the dynamics of the Euler discrete model (1.2) depend on the
step size and exhibits spurious behaviours which are not observed in the corresponding continuous system (1.1).
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Figure 1: Bifurcation diagram of the discrete model (1.2) with respect to the step-size (h). The fixed point z = 1 is stable for h < 2 and
unstable for A > 2. Chaos exists through period-doubling bifurcation for higher values of h, indicating a strong dependency on the step size.

Secondly, the positivity of the solutions of the discrete system may not be preserved for all step-size. For
example, consider the continuous system

z=—z, z(0) =z > 0. (1.3)

The solution of this equation z(t) = zoe ™! is always positive and monotonically converges to zero. However,
the solution z; = (1 — h)*xq of the corresponding Euler discrete system

Tty = (1 — h)l‘t, h>0,h 7é 1, (1.4)

is not always positive but may be negative also depending on the step size. In fact, the solution remains positive
for0 < h < 1, V¥t > 0 and becomes alternatively positive and negative for » > 1 and ¢ > 0 (Figure 2). In the
latter case, all solutions having positive initial value converge to the fixed point x = 0 for any positive step-size
h < 2. More precisely, solutions show oscillatory (taking positive and negative values in consecutive iterations)
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convergence for 1 < h < 2 and oscillatory divergence for h > 2. Thus, huge differences exist in the dynamic

behaviour between a continuous system and its corresponding discrete system. Any discrete system that permits
negative solutions is supposed to show spurious dynamics, like bifurcation and chaos [2, 6, 7].

@ b

o

0.5
0 ‘
0 5 10 15 20 25 30 25 30
Time
(©)
2 ;
1
%
0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time Time

Figure 2: (a) Solution of the continuous model (1.3) converges exponentially to zero. Similar solutions of the Euler discrete system (1.4) are
presented in Figure 2b-Figure 2d for different values of step-size. It shows different behaviours: (b) monotonic convergence for h = 0.2, (c)
oscillatory convergence for h = 1.5 and (d) oscillatory divergence for h = 2.2.

One technique for avoiding such dynamic inconsistency is the nonstandard finite difference (NSFD) scheme
introduced by Mickens [4, 5, 8] during 1989 — 1991 and has been shown to have identical dynamics with its
corresponding continuous model with zero truncation error [9]. It has also been shown that the dynamics of an
NSFD discrete model are entirely independent of step size and do not produce spurious dynamics [5]. In the
last few years, nonstandard methods have been successfully applied to various mathematical models in science
and engineering [10-23] mainly because its solution does not depend on the step-size, maintains positivity and
converges rapidly.

One of the most critical tasks in the NSFD scheme is to discretize the continuous system with nonlocal
discrete terms [24-26]. For example, in a nonstandard finite difference scheme, the first derivative has to be

discretized as fli—f ~ W, h = At, where ¢(h) is areal, positive and monotonic function of the step-size (h),

satisfying the condition ¢(h) = h + O(h?); and/or both the linear and nonlinear terms have to be represented
nonlocally on the discrete computational lattice [5, 24, 26], e.g., ¢ = 22 — = =~ 2T — Tg+1, 2 & TkTh+1,
23 ~ 22} — 237141 Unfortunately, there is no general rule for constructing the denominator function as well
as discretizing the nonlinear terms [5, 26]. In fact, one can construct different schemes for a given continuous-
time model, but several of them can fail to converge and give desired results [27]. Some techniques for nonlocal
discretization are given in [5, 26], and a methodology for calculating the form of the denominator function for
the positive system is prescribed in [28]. Particular forms of the denominator function have been defined for
continuous-time population models, where the total population is either constant (i.e., the system of differential
equations can be expressed as % = 0, where L is the total population) or where total population asymptotically
reaches to a constant value (i.e., the system can be expressed in the form % = b — dL, where b, d are constants).
In the first case, we have to consider any equation of the given continuous system, where the first-order derivative
has to be discretized by the Euler-forward method, and appropriate nonlocal approximations have to be given in
the right-hand side of the equation so that positivity of the discrete system holds. Then rearrange this discrete
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equation as (k + 1)-th time step dependent variable in terms of all k-th time step dependent variables. Thus if
any term of the form (1 4+ ah) occurs in the newly formed discrete equation, where « is composed of one or
more system parameters and h is the step size, then the denominator function will be ¢(h) = ea’z% If, however,
a = 0 then the denominator function can be taken as ¢(h) = h (see pp. 677 in [28]). The denominator function
for other equations of the system will be the same. In the second case, the denominator function has to be written
as ¢(h) = #‘l’l. The denominator function will also be the same for all equations of this considered system
[28, 29]. In other types of system equations, the denominator functions will be different for each equation of the
continuous system, and these denominator functions can be obtained by doing the same steps as mentioned in the
case of the conservative system [28]. We show that such a predetermined form of denominator function may not
work for higher dimensional systems. Instead of considering a predetermined denominator function, it is better
to choose a denominator function from the stability condition of the system. Here we also define some uniform
rules for the nonlocal discretization of a continuous system to preserve the positivity and dynamic consistency
of the discrete system with its continuous mother system. Several highly nonlinear systems from population
biology have been considered to demonstrate the application of prescribed rules. In each example, we prove that
the proposed NSFD models are positive for all step-size and dynamically consistent.

2. Nonlocal discretization techniques

One of the essential tasks in the NSFD method is the nonlocal representation of linear and nonlinear terms
that appear in the differential equation. The primary goal of such discretization is to maintain the positivity of
the constructed discrete system and to preserve the dynamics of the continuous system. We will demonstrate
the nonlocal discretization technique with a two-dimension system for simplicity. The method, however, can be
extended to any higher dimensional system of first-order difference equations.

Consider a two-dimensional continuous system of first-order differential equations:

d
£=f(x,y),
2.1)
Y~ g
dt _g ?y k)

where f and g are O functions. The following techniques may be adopted for dynamic preserving nonlocal
discretization.

(R1) If in the first equation of (2.1), there is any constant term (say, «v) with a negative (or positive) sign, then it
would be discretized as —222+L (or a).

Tn

(R2) If there is any linear term with a negative sign in the first equation, e.g., —az, a being a positive constant,
then it would be discretized as —ax,,41 to keep the positivity for z,,4 ;. However, if the sign is positive, it
would be discretized as ax,,.

(R3) For any higher degree term with a negative sign involving the first variable z only, e.g., —axz™(m > 1), the
nonlocal approximation would be —az,, 12~ !. On the contrary, if the higher degree term appears with
a positive sign, it would be expressed as ax;'.

(R4) If there is any product term containing first variable x and second variable y of the form —axy (or azy) in
the first equation, then it would be discretized by —ax,, 41y, (O az,Yp ).

(R5) If any function ¢(y) of the second variable appears alone (i.e., without involving the first variable x) in

the first equation, then it will be discretized as %i(y) (or ¢(yy,)) if there is a negative (or positive) sign
before ¢(y).
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(R6) In the first equation, the second variable y will always be discretized by y,, and can’t be y,, 11 as we have to
maintain a sequential form of calculation for using the initial condition. This rule is also valid for all other
variables except the first one.

(R7) Similar terms appearing in different equations must be discretized similarly. For example, if the first
equation contains the term azy and the second equation also contains azy then it will be replaced by ax,,yy,
in both the equations. However, if the first equation contains —axy and the second equation contains axy,
then the nonlocal discretization will be —ax,, 11y, and az,+1y,, respectively. If the term in the second
equation is also negative, i.e., —azy, it would be discretized as —az,+1Yn+1. Note that y,, has to be
changed by y,,+1 as the term is placed in the second equation, and there is a negative sign before it,
following (R2). Also, x,, in this term has to be expressed as x,,4; because it was written in the first
equation. These rules are also applicable in discretizing other nonlinear terms.

(R8) For any rational function of the form % G (G # 0), then the denominator function G(x,y) will be
replaced by G(z,,, y»,) and the numerator functlon F(z,y) will be discretized by the techniques prescribed
in (R1) to (R7).

These rules are not unique, and one can find different nonlocal discretizations to construct an NSFD model for
a given continuous system. What we have tried here is to define some uniform rules that one can follow while
using the NSFD scheme of discretization. We here apply these rules to construct various NSFD models from their
respective highly nonlinear continuous population models and show that they are dynamically consistent and the
dynamics of these discrete systems are independent of the step size.

2.1. Example 1: Continuous-time epidemic model

Fayeldi et al. [30] have studied the following SIR (susceptible-infective-recovered) epidemic model with
constant birth and nonmonotonic incidence rate:

ds kST
T e oL
dI  kSI
_ _ 22
G Trar  dHL 2
dR
_— = I —
7 I dR,

where S, I and R denote the numbers of susceptible, infective and recovered individuals at time ¢. The parameters
b and d represent, respectively, the recruitment and natural death rates of the host population; g is the natural
recovery rate of the infected individuals. The term I i‘i 112 is the nonmonotone incidence rate, where k is the
disease transmission coefficient and o measures the inhibitory effect. Further description of the model can be
seen in [30, 31].

Stability results of the continuous-time epidemic model

The model (2.2) has been analyzed in [30]. It has two equilibrium points, viz., the disease-free equilibrium
point F1 = (%,0,0) and the interior fixed point E* = (S*,I",R*), where S* = 1{b — (d + p)I*}, I* =

kP —d2a(1-R
e (U=Ro) 4nd R* = B where Ry =

in the following theorems.

FICEm) d + mE Stability results of the equilibrium points are stated

Theorem 2.1. The continuous system (2.2) is locally asymptotically stable around the fixed point Ey if Ry < 1,
and it is stable around the fixed point E* if Ry > 1.

We now use the nonlocal discretization techniques (R1) to (R8) for the construction of the NSFD model
corresponding to the continuous-time model (2.2).
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Construction of NSFD model and its analysis

. . ds .. - Sn+1—Sn
The first-order derivative %7 will be replaced by (;’117(,1)

h + O(h?). The constant term on the right-hand side will be left unaltered following (R1) because its sign is
positive. Observe that .S appears in the first equation of system (2.2) with a negative sign, indicating that it has to
be replaced by S,,+1, following (R2). The nonlinear term % is present in both the first and second equations
of system (2.2) with opposite signs. The negative sign of this term in the first equation indicates that we have to
replace it by i;l IIQ , following (R7) & (R8). Note that we can not replace I,, by I, in the first equation because
the sequential order will be lost. Similarly, the linear term I, which appears in the second and third equations
of system (2.2) with opposite signs, has to be replaced by I,, 1, following (R2) and (R7). Also, to hold the
positivity condition, the negative term —dR in the third equation of system (2.2) has to be replaced by —dR,, 11,
following (R2). Based on these nonlocal discretizations, we obtain the following discrete system corresponding
to continuous system (2.2):

, where ¢ (h) > 0 and can be expressed as ¢ (h) =

Sn+1 — Sn kSnJrlIn
DAL O Sy —
o1 (h) St T T
In-i—l - In kSn+1In
Rpi1—R

(bg(h) t = ,UIn+1 - an-‘rla

where ¢;(h), i = 1,2,3, are denominator functions such that ¢;(h) > 0 and ¢;(h) = h + O(h?). After
rearranging, one have

Sn + b1 (h)
Sni1 = kL, \’
1+ ¢1(h) (d‘+'T;E%Z)
h)kS,,

, _M(Hj%ﬁ@ﬁ) 2.4)

T 1t ga(h)(d+p)
R _ Rn + ¢3(h).uln+1

n+1 —

1+ ¢3(h)d

It is to be noted that all terms in the right-hand side of (2.4) are positive and therefore S,, > 0, I,, > 0, R,, > 0,
for all n and any value of the step-size h when initial values are positive.

Next, we show that the fixed points of the discrete system (2.4) are the same as in the continuous system (2.2)
and their linear stability properties are also the same. Equilibrium points or fixed points of (2.4) are determined by
substituting Sy, 11 = Sy, Int+1 = In, Rpy1 = R, in (2.4) and then solving the following simultaneous equations
for S,, I,,, R,:

1+ (k) (d+ 1Ly )
2(h)kS,,
, __L1(1+*ﬂiiﬁ )
Tl ge(M)(d+p)]

1+ ¢3(h)d

On simplifications, one can obtain the same equilibrium points E; and E* as in the continuous case. The
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variational matrix at any arbitrary fixed point (S, I, R) of (2.4) is given by

aiy a2 0
J(S, I, R) = ag1 Aa929 0 , (25)
a31 a32 33

where

1 a1y = ¢1(h)k(5+b¢1(h))(12—a12)
61 (h) (d4 22 ) | {1+¢1(h)(d+ )} (rarz)2’
_ ¢2(h)k1
G21 = {1+¢2(h)(d+u) (Itar2) 211,

_ $2(h)kI d2(WkS(1—al?)
g2 = 1+¢2(h)(d+p.) 1+ (1+al?) aiz + 2 (I+al?)? )

— _Ps(hp b3 (h)p _ 1
= Troa(na®2l: 952 = Tio,(a%22 933 = Tig,(a-

a1l =

azi

Definition 2.2. [32] A fixed point of the system (2.4) is said to be locally asymptotically stable if |\;| < 1 and a
source if | \;| > 1, where \;, i = 1,2, 3, are the eigenvalues of the variational matrix J of system (2.4) evaluated
at the fixed point.

Lemma 2.3. [32] Let Ay and \s be the eigenvalues of a matrix J= [asj], @ i,j=12 Then |\1| < land |X2| < 1
iff (i) 1 — det(J) > 0, (ii) 1 — trace(J) + det(J) > 0 and (iii) 1 + trace(.J) + det(J) > 0.

We have the following theorem about the stability of fixed points of (2.4).

Theorem 2.4. The disease-free fixed point E; = (%, 0, O) is locally asymptotically stable if Ry < 1 and the
endemic fixed point E* is stable if Ry > 1, where Ry = %.
. . 1+bk¢72(h) 1
Proof. It is easy to check that the eigenvalues at F, are A\ = m, Ay = W)d(lﬂru) and \3 = T g (i)
Here, 0 < |)\1’3| < 1 and Ay > O for any step-size h > 0. Thus, for any h > 0, Ao < 1if % <d+ p,ie.,if
Ry < 1. Therefore, E is stable if Ry < 1.
At the endemic fixed point E* = (S*, I'*, R*), the variational matrix is given by

* *
aj; aj, 0
*\ * *
J(E*)=| a3 a3 O )

* * *
az; Gzz a3z

where
ot = L g __ ¢1(hkS*(1—al*?) ot — b2 (h)kI* a
11— G "12 — (1+al*2)2G  ° 21 = (A+al*2)H “11
a¥, =1+ G2 (R)KI™ 4 2¢2(M)kS™al"? * ¢3(h)ua at, = ¢s(h)ua*
22 — (1+al*?)H 12 — (1+al*?)2H > 31 — 21> 32 — F 22>

Gam b G+ H 1 SOAS p

Note that 0 < aj; < 1 and 0 < a3, < 1 for any h > 0. Here one eigenvalue of the variational matrix J(E*)
i A3 = a33, which is always positive and less than unity for any 2 > 0. Other two eigenvalues A;, ¢ = 1,2, of
J(E™) can be obtained by finding the eigenvalues of the matrix

Jl(E):( il i2)
ag1 Gz
Here trace(J1(E*)) = a};, + a35 and

det(Jl(E*)) = QT1a§2 - aT2a§1

o P2(R)RI™ 2¢2(h)kS™al*? $2(h)kI
=an 1+ qrarna®2 — Tqraroem } (1+aI*2)Ha11a12

e
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(1+al*?)2H
Since 0 < af; < 1 forany h > 0, so det(J1(E*)) < 1 and the condition 1 — det(J1(E*)) > 0 always holds.
Simple algebraic manipulations show that

= al, (1 _ 2¢2(h)kasS* 1*2)_

262 (h)kaS* I**
(1+al**)2H }
_ pa(R)kI” { ¢1(h)kS™ 2¢1(h)ka5*1*2} 2¢5(h)kaS* T2 be (h)
A+al**)H | (1+al**)G (14 al**)2G (1+al**2H S5*G
_ »1(W)ga(R)kI” [kS*+2aI* {b— ks*I~ H
(1+al**)2GH (1+ al*?)
P1(h)P2(h)kS™ 1™

= k+2adl*) >0
(1+a[*2)2GH( adl’)

1 — trace(J1(E™)) 4+ det(J1(E*)) = 1 — (a]; + a3y) + a7, {1 -

and

20 (h) ka.S*I*> }

1 + trace(J1(E")) 4+ det(J1(E*)) = 14 (a]; + a3y) + aj;y {1 T (Ut al?)2H

. 269 (h)kauS* I3 } b (WK™ ¢1(h)kS*(1 — al*?)
=1 A A nk— Y § | _
+on +{ (1+ al*?)2H (1+aty) (1+al*)H (14 al*?)?2G
. 22 (h) kb S* I** .
- ”a“{l‘ T tarzn J T

(2.6)

_ G(hEST pi(h)kI* { - 2aI*? }
(14 al**H (1 + ol**)G (14 al*?)

2p9(h)kS*  al*? . 201 (h)po(h) k2 S*I*3

(1+al*?)H (1 +a1*2>} (+ai)+ (1+al**)3GH

+ {1 o) (& — d) 22 e }

—QT1+[1—

G H

Here we show the positivity of each term on the right hand side of (2.6). Note that a]; = G, so0 <aj; <1

. L N (h) B8
Using the value of G and H, one can check that 0 < M <land0 < w < 1. It is then easy

to see that the expression in curly bracket is positive. The third term is always positive as ¢1(h), (;52( ), Gand H
are all positive. To prove that the expression in the third bracket is also positive, we note that -2— < 1. Thus,

if 202(kS”™ 1 then {1— 262 (M)kS™ _al*? } > 0. The first term gives 222UES°  f — 1+ 2(WkS™

(14+al*2)H (14+al*2)H (1+a1*2) (1+al*?) (1+a1*2)
h)kS 14al*? * .
2RSS < 1= ¢o(h) < WEE) = Lo Therefore 1+ trace(Jy (EY)) + det(J1(E*)) > 0if ¢2(h) < 7k

e (dtm)n
W, so that ¢o(h) < (d+ 3 holds. Also, the

denominator function is in the form ¢2(h) = h + O(h?). Itis to be noted that no restriction is required on ¢1 (h)
and ¢3(h) to hold the stability conditions of E*, and therefore simplest form can be considered for ¢;(h) and
@3(h) such that ¢ (h) = h = ¢3(h). Therefore, following Lemma 2.3, |\;| < 1, ¢ = 1, 2. By Definition 2.2, the
endemic fixed point E* is stable whenever it exists, i.e., if Ry > 1. This completes the theorem. [ |

One can then choose the denominator function as ¢2(h) =

Remark 2.5. The system (2.2) can be written as

dN
— =b—dN 2.7
pr ; 2.7

where N(t) = S(t) + I(t) + R(t) is the total population at time t. Following Mickens rule as described in
[28], all the denominator functions ¢;(h), i = 1,2,3 will be same and it is ¢;(h) = ‘%T_l. It is to be noted
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that the stability condition 1 + trace(J(E*)) + det(J(E*)) > 0 does not hold for this choice of denominator
Junction. However, one can easily determine the denominator function ¢2(h) as shown above such that the
stability condition holds.

Euler discrete-time epidemic model

Discretization of the continuous model (2.2) by Euler-forward technique gives the following system:

kI,
Sn+1 = Snerh—hSn (d+ HOJQ) y

kS, (2.8)
I =1, I, ——— —
n+1 rL"'h n{l—i—a[ﬁ (d"‘,u)},
Ryt = phl, + Ry (1 — dh),

where h(> 0) is the step-size. Due to the presence of negative terms on the right-hand side, the solutions are
not unconditionally positive as in the case of NSFD model (2.12). Such systems are prone to exhibit spurious
dynamics. The following results are known for the Euler discrete system (2.8).

Theorem 2.6. [30] The discrete system (2.8) is stable around the fixed point E1 if Ry < 1, h < min {%,

m, % } and it is locally asymptotically stable around the fixed point E* if one of the following condition

holds: (a) Ry > R1 > land h < min{h*,%}, or(b)1 < Ry < Ryand h < min{hl,h*,%}, where

= & k(dtdC+p) o _dtditp
Rl - TZ {1 + 4d(d+p)(2dal*2+k) }’ h* = dp+ér (d+p)’

_ \/4(d+¢3+”)2_16¢3(dﬂ*)(%“) P _ 2a(d+p)I*¢”
207 (d-+p) (2245 +1) » Ve - '

hi =h*

- 1+a1*2rp k

Numerical experiments

We perform numerical experiments to compare the dynamics and step-size dependency of the NSFD model (2.4)
and Euler model (2.8). We have plotted bifurcation diagrams for both the systems (Figure 3) with respect to h.
Population density remains at its steady-state value for all h, indicating consistent dynamics with its continuous
counterpart. It shows that the dynamic behaviour of NSFD system (2.4) is independent of the step-size (Figure
3a). However, the dynamic behaviour of the Euler system (2.8) depends on the step size (Figure 3b). Here
population density remains stable for h < 3.4647 and becomes unstable for h > 3.4647. In fact, it exhibits
spurious dynamics as the step size is larger (h > 3.4647).

) 5 )

Suseepiible
Suseeptible

*
']
”,C
o

=6 =.6
El 3.2 3.4 EN ENY a4 a.z El 3.2

h

Figure 3: (a) Bifurcation diagram of the susceptible population of the NSFD system (2.4) with respect to the step size h. It shows no
instability, and population density is always maintained at its stable value for all step-size. (b) A similar bifurcation diagram of Euler system
(2.8) shows that population density remains stable for A < 3.4647 and becomes unstable for h > 3.4647. It shows chaotic dynamics as h is
further increased. Parameters are [30]: b = 2, k = 0.2, d = 0.2, u = 0.15, o = 10.
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2.2. Example 2: Continuous-time ecological model

Here we consider another population model in continuous time and construct the corresponding NSFD model
using our nonlocal discretization technique. Chattopadhyay et al. [33] investigated the dynamics of following
continuous-time plant-herbivore-parasite ecological model:

dx x
—:rx(l——) — azy,

dt K

d

CTZZ = —sy + By — vyz, 2.9)
d

d—j = dyz — uz,

where z, y and z represent, respectively, the densities of plant biomass, herbivore and parasite populations at
time ¢. This model says that the plant population grows logistically to the environmental carrying capacity K
with an intrinsic growth rate » when there is no herbivore. Herbivore eats plant population following mass action
law with « as the rate constant. The parasite attacks herbivores, and the attack rate is proportional to the product
of herbivore and parasite densities with  as the proportionality constant. Natural death rates of herbivores and
parasites are s and i, respectively. The parameters 3 and § represent the growth rates of herbivores and parasites.
All parameters are positive. The following results [33] are known for the system (2.9).

Theorem 2.7. The system (2.9) has four equilibrium points. (i) The equilibrium point EE = (0,0,0) is always
unstable. (ii) The axial equilibrium point Ef = (K,0,0) is stable if BK < s. (iii) The planar equilibrium
point EY = (2,%,0), where & = % y=4(1- 5%() exists and is locally asymptotically stable if 5K > s
and § < T(Bﬁll(ff‘s). (iv) The interior equilibrium point E} = (x},yp, 2p), where 25 = K (1 — 24) | y3, =

£, 2p= % {—s+ BK (1 — 2k)}, exists and is locally asymptotically stable if 3K > s and 6 > SR o

r(BK—s)"
NSFD model and its analysis
For convenience, we rewrite the continuous model (2.9) as
dz T 4
—_— =TT — =T — Qox
dt K v
d
dfl; = —sy + By — Yz, (2.10)
d
£ = dyz — uz.

The continuous system (2.10) is transformed to the following NSFD system using the previous nonlocal
discretization techniques (R1) to (R7):

Tn4l = Tn o TT1®n
¢1(h) n K n+1Yn,
Yn+1 — Y
W = —5Ynt1 + BTni1Un — VWnt1%ns @.11)
Zn+1 — Zn

— =90 n+12n — UWZn+1,
w3 (h) Yn+1 HZn+1

where ;(h), i = 1,2, 3, are such that ;(h) > 0 and 1;(h) = h + O(h?). Note that the similar term zy in the
first & second equations and yz in the second & third equations have been discretized following the rule (R7).
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Positivity and dynamics preserving discretization schemes for nonlinear evolution equations

Rearranging (2.11), we get

Zn (14 rp1(h))
1+ (h) (" + ayn)’
_ yn(l + 5¢2(h)$n+1)
Y1 = T (s e (2.12)
. _ Zn (1 + 6¢3(R)Yny1)
(s 14 43(h)p .

Tn+1

Thus, the solutions of the discrete system (2.12) remain positive for all step-size h whenever the initial values are
positive.

As before, one can observe that the NSFD system (2.12) has the same four fixed points with the same existence
conditions as it were in the continuous system (2.9). The variational matrix corresponding to the system (2.12) at
any arbitrary fixed point (z, y, z) is given by

aiy a2 0
J(x,y,2) = | az1 ax as |, (2.13)
as] G32 33

where
o 14731 (h) z(147¢1 (b)) (wl(h)) o z(147r¢1 (b))
aj] = — ajp = — a1 (h
11 1+¢1(h)(%+ay) {1+¢1(h)(%+a9)}2 K ) 12 {1+¢1(h)(%+ay)}2 QZ}I( )7
gy = — B2y B (e Bea(hy o y(4BYs (Ma)vda(h)
217 T4a (M) (str2) 1 922 = Ty (h)(stvz) T T+ (h)(s+v2) 120 923 = 7 0p s (h)(s+72)}7
a _ 5’([)3(}7,)2' a a _ 5¢3(h)2 a a _ 1+5’¢3(h)y 51[)3(}7,)2 a
317 Tys(hyp 21 @32 = Tieps(h)p 22> @33 = Tqys(hp '+ T+ypa(h)p 23

We have the following lemma in relation to the stability of system (2.12).
Lemma 2.8. [34] Suppose the characteristic polynomial p(\) of the variational matrix (2.13) is given by
p(A) = A+ a1\ + ax) + as.
Then the roots \;, i = 1,2,3, of p(A) = 0 satisfy |\;| <1,i=1,2,3iff
(i) p(1) =1+a1 +az+a3 >0,
(ii) (—=1)3p(=1)=1—a; +as — a3z >0,
(iii) 1 — (a3)? > |az — azay|.
Then the following results are true for the system (2.12).

Theorem 2.9. (i) EL’ is always an unstable fixed point. (ii) EY is locally asymptotically stable if BK < s. (iii)

EY is stable if BK > s and § < BKau - (jy) The interior fixed point EY}, is always stable if BK > s and

r(BK—s
5 ko (B )
TR —5)"

Proof. At the trivial fixed point EJ’, the eigenvalues are \; = 1 + 711 (h), Ay = m and \3 = m
As \; > 1, B} is always unstable ¥V h > 0.

At ET, t.h'e eigenvalues are giyen by )\.1 = m Ao = %ﬁ?}%ﬁ and \3 = m Here \; and A3
both are positive and less than unity. Ay will be positive and less than unity for all A > 0 if 5K < s. Therefore,
EY is stable if BK < s.
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At the boundary fixed point E£’(z, 77, 0), the variational matrix is given by

a1 a2 O

J(EY) = @21 G2 as3 |, (2.14)
0 0 ass

where

an=1- (&) () | a1y = — g eah (h), ag = o2Wi_g

{ = Trrdi(h) )0 M2 7 T Ty () ¥V, A28 = Ty, (yz A1

= Bipa(h)g 7] oo — LHSvs(h)y

G2z = 1+ Tgp,z 01z 023 = ~Typpeme 1¥2(h) dss = TEgm,
One eigenvalue of the above variational matrix J(EY) is az3 = %3((:))5, which is always positive and less

Other two eigenvalues of the matrix J(EZ") will be the characteristics roots of

ai; Q12
Jl = _ _ .
a1 Q22

From the existence condition of EZ’, it is easy to see that 0 < @;; < 1. After some algebraic manipulations, one

v b _BKap
than umFy if § < 5 = T(AK=s)
the matrix

have

(_122:1—

Bualh)y ata(Wz < Bua(W)z > r(1- ) )
{1+ B (h)2} {1+ repa(h)} 14 Byo(h)z 1+ rip1(h) ’

implying that 0 < @s2 < 1. On substitution the values of @29, a21 and noting that z < K, one can obtain
1-— det(Jl) =1—aq1 a2 + a12 @91
=1-a11— %011012 + WCLMCLU =1-a5n >0,
1-— trace(Jl) + det(Jl) =1- (a11 + 022) + an
=1—ad9y >0and 1+ trace(Jl) + det(Jl) =14 2a11 + age > 0.
Thus, whenever it exists, F1 is locally asymptotically stable if § < T&ﬁo‘f‘s).
At the interior fixed point E'},, the variational matrix is given by

* *
aj; ajp 0
k) * * *
J(Ep)=| a3 a3 a3 |, (2.15)
* * *
a3z; Qagzy Qags

where

at, =1— (wK) (r%(h)) >0, ajp = — TN g gr = BUaUE oo

062 =1 + 6"/12 yp a>{2 =1— 61&2%):5} * aw1(h)yp > 0’ CL23 — _Z/p’Y;ZlIz(h) < O7
af, = LS(’”ZP ay >0, ajy = W3Wek gy, Yo,

als =1+ 5¢3(Eh)zp afg=1— (511)3%1)?!19) (ZP'YIl/_}z(h)> >0,
G =1+ri(h), H=1+Byo(h)zp, E=1+03(h)yp

Following the existence conditions of the interior fixed point %, 0 < aj; < 1,7 = 1,2, 3. The characteristic
equation corresponding to the matrix .JJ(E7) has the form

pr(N) = A+ AN2 + Ao\ + A3 =0, (2.16)

where the coefficients are
Ay = —trace(J(E})) = —af; — aby — a3,

e
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Ay = sum of principle minors of J(E7})
= (afy a3y — ajpasy) + (a5ya33 — asza3y) + aj azs,

Az = —det(J(Ep)) = —al (a5pa33 — a3za3y) + ajy(as,a33 — azzaz ) < 0.
Simple manipulations give

* * * * * h * * *
ay1dgy — G120 = agp + Mz,(q)y (11012
U59033 — U53035 = A5y and ay,a33 — a3,a33 = aj,.
Thus, the coefficients simplify to
Ay = —aj; — a3y —a33 (< 0), A2 = aj; +ajy +ajyads (> 0), Az = —aj; (<0).
Now our objective is to show that all the conditions of Lemma 2.8 are satisfied for the characteristic equation
(2.16). One can compute
pi(l) =1+ A1 + Ay + Ay =1—a33 —af; +ajya3s = (1 —afy)(1 — a3y),
(_1)3p1(_1) =1- A1 + A2 — A3.
Noting the signs of a};, 4; and a; < 1, i,j = 1,2, 3, one can easily observe that p; (1) and (—1)3p1(—1) both
are positive. Thus, first two conditions of Lemma 2.8 are satisfied. For the third condition, we first note that
|As — A3Aq| <1 — A3 gives Ay — A3A; — A3+ 1 > 0and Ay — A3A; + A3 — 1 < 0. Here

_ Bea(h)y”
H

*x ok ok
11012 = Aqy>

Ay — AgAy — A3+ 1= (af, + a5y + a},ass) — afy(a}, + a3y + als) — a’{12 +1

= (aj; +ax)(l—aj;) + (1 - a’ﬁz) = (1 —ajy)(1+2a7; + a3y),

Ay — AzAy + A — 1= (a}; + aby + ajyals) — afy(af; + aby + als) + a*{12 -1

= ajy +az(l—aj;) —1=(1—ajy)(az, —1).
Observing the signs as before, one can then easily have
AQ—A3A1—A§+1>O and AQ—A3A1+A§—1<O.

Combining these two inequalities, we have |43 — A3A;| < 1 — A3. Thus, all three conditions of Lemma 2.8
hold and therefore, the interior fixed point E} is locally asymptotically stable whenever it exists, i.e., 5K > s

and § > % Hence the theorem. [ |

Remark 2.10. Iz is to be noted that we do not need any restriction on ;(h), i = 1,2, 3, to prove the positivity and
dynamic consistency of the discrete system (2.12). Therefore, 1;(h) can take any form that satisfies 1;(h) > 0
and 1;(h) = h+ O(h?), i = 1,2, 3. In the simulations, we consider the simplest form of 1;(h) = h.

Remark 2.11. It is to be noted that the system (2.9) does not satisfy the conservation law. For this type of system,
Mickens [28] defined a rule for choosing the denominator functions ¥;(h), i = 1,2, 3. Following that rule, one
has to use the Euler-forward scheme for the first derivative and nonlocal approximations for other terms in all
three equations of system (2.9). After doing this for the first equation of system (2.9) and then solving for x,1,
one has

(14 1h)
Tn41 = prs .
L+ h (5 + ayn)
Since (1 + rh) occurs [28], it implies that the denominator function will be 1, (h) = e"h;1_ Similarly, from the
other two equations of system (2.9), one can find the other two denominator functions as v¥o(h) = eh%l and

P3(h) = Lu_l Thus all three denominator functions have to be determined separately using the Euler forward
scheme and nonlocal approximations if the continuous system is not conservative and the transformed nonlocal
system contains terms like (1 + rh). But such a choice of separate denominator function for each equation of a
higher-order equation will multiply the complexity for analytical computation of stability conditions.
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Numerical experiments

For numerical comparison, we first write the Euler-forward discrete version of the continuous model (2.9):
L
Tpt1 = Tp +h {mn (1 - 7) - awnyn} ;
K
Ynt+1 = Yn + h(_syn + ﬂxnyn - 'Vynzn)a
Zna1 = Zn + h(0ynzn — pzn).

2.17)

To compare the step-size independency and dynamic consistency of the NSFD model (2.12) with that of the Euler
model (2.17), we have plotted two bifurcation diagrams (Figure 4) of plant biomass with respect to the step-size
h. As there is no restriction on v;(h), we consider v;(h)=h for all 7 in (2.12). Figure 4a shows that the dynamic
behaviour of the NSFD system (2.12) is independent of the step-size, and Figure 4b depicts step-size dependent
numerical instabilities in Euler system (2.17). In the last case, plant biomass population density remains stable
for h < 1.1113 and shows instability for ~ > 1.1113.

(€] , )

Plant biomass
Plant biomass

s H 1.0s 1.1 1.1s 1.2

1 1
h h

Figure 4: Bifurcation diagram of plant biomass (Fig. a) of the NSFD system (2.12) with varying step-size (h). This figure shows no
instability in system (2.12) when step size is varied. Similar bifurcation diagram of Euler system (2.17) shows that the solution remains stable
for A < 1.1113 and loses its stability for A > 1.1113. Parameters are r = 0.95, K = 2.2, o = 0.8, s = 0.25, § = 0.55, v = 0.23,
n=0.09,6 =0.11.

2.3. Example 3: Continuous-time epidemic model

O’Keefe [35] has investigated the dynamics of an epidemic model having frequency-dependent disease
transmission. The model reads

as BSIT

E:(S‘FPI)(l_S_I)—m—MSs )18
dl  BSI 2.18)
IR B

where S and I represent, respectively, the densities of susceptible and infective hosts at time ¢. Here p (0 < p < 1)
is the fertility coefficient of infected hosts, and [ is the disease transmission rate. p represents the natural death
rate of both hosts, and the additional death of infectives due to disease is represented by «.. All parameters are

non-negative from a biological point of view. The following stability results are known from [35].
Theorem 2.12. The disease-free equilibrium point E§ = (1 — 1, 0) always exists and it is locally asymptotically
stable if p < 1, B < (a + p). The endemic (interior) equilibrium point E€* = (S€* I¢*), where S¢* = w

and 1¢* = 28202 sith A = —a— pi— o+ p) + Bla+p) +pla+u) — Bp. B = B{pla+p)—a—pu—PBp},
exists and is locally asymptotically stable whenever 5 > o + p, A < 0.

We now construct the NSFD counterpart of the model (2.21) following the rules defined in Section 2.

E =
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NSFD model and its analysis
For convenience, we rewrite the continuous model (2.18) as

ds BSI

—=8-5%2-q( ST+ pI —pI? — 22— — 1S,

7 (14+p)ST+pl —p 51 M o19)
dI ST :
ek SR CRL

Using the previous nonlocal discretization techniques R1-R8, the continuous system (2.19) can easily be
transformed to the following NSFD system:
S7L+1 Sn pSn+112 ﬁSn—i-lIn
= Sn = SnSnt1 — (14 p)Spi1ln + pl, — .-
&(h) +1—( p)Snt1 p S, S, +1,
In+1 - In _ ﬁSnJrlIn
& (h) Sp + 1,

where the denominator functions &;(h), i = 1,2, are such that &(h) > 0, Vh > 0 and &;(h) = h + O(h?). One
should notice that the terms pI and pI? of the first equation of (2.19) have been discretized following (RS).
Rearranging (2.20), we get

- /’(‘Sn+1 s
(2.20)

- (a + /‘)In+1’

s {146 (1+&)}
Sny1 = 12
L+ & (h) {Sn + 1L+ )+ 5=+ 52 +/‘} (2.21)
I (1+ & (n) 525t
In+1 =

1+ & (h)(a+ p)

As expected, the NSFD system (2.21) is positively invariant; therefore, all solutions remain positive if they start
with a positive initial value. The discrete system (2.21) has the same equilibrium points as the continuous system
(2.18). The variational matrix at any arbitrary fixed point (S, I') of (2.21) is given by

app a2
J(S. 1) = , 222
( ) (a21 022) ¢ )
where
ail = 1+&1(h) {1+51(h)(1+p1)}51(h)5< s2 <Si11>2)
L1 () { S+(1+p) I+ 2L +s+1+l‘} [1+£1(h){5+(1+p)1+p12+S+I+/L}] ’
aip = pé1(h) {ramrs) }51(}”{(1“)5”””<S+1>2}
1+51(h){s+<1+p)1+%+s’3—+2+u} [1+esm{s+atar+22+ 2010} 7
aor — &2(h) &y a &2(h)
R Ol DR QI i
46 £ n &a(h) £ 2(h) Zirye

422 = T3 g5(a+n) T T+ &R (a+p) M2 7 TH&(R) (atn)

The following stability results for the discrete system (2.21) can be proved.

Theorem 2.13. The disease-free fixed point ES = (1 — p,0) is locally asymptotically stable if p < 1, 8 < a+p
and the endemic equilibrium point E¢* = (5%, I¢*) is locally asymptotically stable if § > o + pand A < 0,
where A= —a — p— a(a+ p) + Bla+ p) + p(a+ pn) — Bp, i.e., E* is stable whenever it exists.

Proof. It is not a difficult tusk to check that the eigenvalues evaluated at EY are \; = 1;_%583# and \y =
% Note that 0 < A} < 1as0 < p < 1, and A2 > 0 for any positive step-size. Thus, for any h > 0,
S
Vo
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A2 < 1if 8 < a + p. Therefore, if EY exists then it will be stable if 8 < « + . In this case, the interior
equilibrium point £¢* does not exist.
At the interior equilibrium point E¢* = (S¢*, 1¢¥), the variational matrix is given by

* *
a a
J(E) = ( i }f) ,
a1 Q29

where

o am £ pI*t) _ pIf*? _ _gserrct
].—IT Se + Se*) - Se* - (Se*_j’_le*)Z}’

. & N . gex2

aty =240 $p— 87 (14 p) — 2pI° —@%71)2}
x _ &(h) BIe” _pserrer

a21 - H Sexyre~ all (Se*+[e*)2 )

L £2(h) { BSerIet  BI®*al, }

- H (Se*+le*)2 Sex 4 Jex*

G=1+¢&(h) (1+ Se*) H=1+¢&(h )537]

)
=%
—_

|

*
(5P

We shall use Lemma 2.3 to prove the local stability of £¢*. One can evaluate

trace(J(E®")) = af; + ads
o E (h) e* Je* 5 (h) Ie*2 Bse*Ie* Ie* ﬁS“g (h)
7{1—%(5 +'DST)}+ 1 (pSe* +(S€*+Ie*)2>+{17(Se*+le*) <(Se*+1i*)H)}

BI®*E1(h)&a(h e* e* e* ex 556*2
+%{P(1—S -1 =5 —(PI +m)}

_ &1(h) ( gex 1% | BSeTI°"Ea(h) Ie* BS°* €2 (h)
= {1— 1G (S _,_PS6* + (Se*+[e*2)H>}+{]‘_ (Se*+le*> ((Se*+126*)H)}
&i(h) (pIc*? BSerIe* BS°*&a(h) &1(h)&(h)BI°r e e*
+ &l (”Se* + (Se*ﬂe*)z) (1 — (S TEOE )+ (serrenam (L — S5 — I°7).

Following the existence condition of F¢*, we have S¢* + [¢* = % < 1 and then S¢* + % =

(5" + &(h)BS**) < 1 and also & (h) (Se* + £ Se* ) < G and % < H.

Thus, {1 — %h) (Se* + ”5{7* + %ﬁ;}?)} > 0. Hence we get trace(J(E<")) > 0.
Also, det(J(E")) = af,as, — ajqa3;
_ * 5 (h) BSE*IE* ﬁI{‘* * 5 (h) IBIF* SF*IF*
= {1 - {(Se*+Ie*)2 - S“*+I“*a12H —aix¥y {Se*JrIe*all m}
Ger xR
=ay; — '?g,e?]egz)g]}(au —ajy).
Simple algebraic manipulatlons show that

: tions show that
1 — det(J(E* )) =1—af, + Goeire 2t (at, — ay)

= i fger 4 o2 (1- 1) - B5E |+ Bt (1 - sl 4 2na )
+ Bf;iifsffz’éz}j’) (25 + p5e + p1**)

= 4 fger 4 g1 - Ie*)} + %ﬁ {—HE((h) + G (h)
+§1(h)fz(h) ( p+ Seurle* )} + Bf;frfé*()hz)géh) (pé:Q + pSe* + pIe*)

= 80 fger el (1 - 1)} 4 T L6 (h) — ()}

Se*Ie* h e*x2 e* e*
+ﬁ(se*_~_f—§£)2)é2;1){(1 p)+ SM—F%-"—/)S +pl }

Again,

1 — trace(J(E°")) 4+ det(J(E")) = 1 — (aj; + a22*) + (aj1a55 — ajzas;)
—1_qg* w(a —ak,)
22 ~ (Sergrer P E 411 — 012

I h) ex* ex %
= (S€*+I§3*( 2H{S (1 —ajy) —I¢7aj,}

= LRl (597 4 ST 4 pS T 4 pIe) > 0.
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One can easily check that 1 + trace(J(E®*)) + det(J(E®*)) > 0, as trace(J(E®*)) > 0 and also 1 —
trace(J(E")) + det(J(E*)) > 0. If we choose the denominator functions &; (k) and &2(h) such that &3(h) >
&1(h),Vh > 0, then 1 — det(J(E*™)) is also positive. An obvious choice is &;(h) = h,i = 1,2, Vh > 0. Thus,
the interior equilibrium point £¢* is stable whenever it exists. Hence the theorem is proven. |

Remark 2.14. The system (2.18) does not satisfy the conservation law. In such a case, following Mickens [28]
rules, the denominator functions for the first and second equations will be & (h) = &#—1 and &o(h) = %
respectively. To hold the condition 1 — det(J(E®*)) > 0, the denominator functions &;(h), 1 = 1,2, have to
satisfy £2(h) > &1(h). However, as mentioned above, the denominator functions &1 (h) and &2(h) do not satisfy
this restriction for the nonzero value of o.

Numerical experiments

Again we construct the following Euler discrete system for the continuous-time (2.18)

_ g gy BSaln
Snt1=5S.+h {(Sn +pl,)(1 =5, —1,) S 1 pSn} ,
BSnly,

(2.23)

Iﬂ = Ifn h - In ’

41 , + {Sn+In (a+ p) }

and compare its dynamics with the NSFD discrete system (2.21). We have plotted bifurcation diagrams for
both the systems taking h as the bifurcation parameter (Figure 5). It shows that the dynamics of NSFD system
(2.21) is independent of the step-size (Figure 5a), but the Euler discrete system (2.23) shows step-size dependent
dynamics (Figure 5b) and produces spurious behaviour for higher step-size. Therefore, the Euler-discrete model
is dynamically inconsistent, but the NSFD model is dynamically consistent.

(a)y (b)y

Susceptible

2.6 2.8 3 3.2 3.4 2.6 2.8 3 3.2 3.4
h h

Figure 5: (a) Bifurcation diagram of the susceptible population with respect to step-size (h) for NSFD system (2.21). It shows that the
population is stable for any positive value of the step size. (b) Bifurcation diagram of the susceptible population with respect to step-size
(h) for Euler discrete system (2.23). It shows that the population becomes unstable as step-size h exceeds 2.73. Parameters are p = 0.65,
B =045 p=0.23 a=02.

3. Summary

In the last two-three decades, nonstandard finite difference scheme has received significant interest in the
discretization of the continuous system due to its superiority over other discretization techniques for various
reasons. First, the transformed discrete system can be made positively invariant using proper nonlocal
discretization techniques, though the standard discretization techniques often fail. Secondly, the NSFD model
can be shown to be dynamically consistent with its continuous counterpart, which means the stability property
of each equilibrium point of the continuous system remains the same for the NSFD model. However, in many
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cases, the discrete model formulated by the standard discretization technique shows (spurious) dynamics that are
not at all the dynamics of the original continuous system. Another great advantage of the NSFD technique is
that the dynamics, in this case, can be shown to be independent of the step size, which can reduce the
computational cost. There are two main steps in the construction of an NSFD system from a given continuous
system of first-order differential equations, viz. discretization of the first-order derivative of the continuous
system, where one has to choose a denominator function and discretize the interaction terms, where one has to
use nonlocal discretization for both the linear and nonlinear terms of the differential equation. Unfortunately,
there is no general rule for both of these steps [5, 26]. However, some techniques have been defined [5, 26, 28]
and successfully preserved both the positivity and dynamic properties of (relatively simple) continuous systems.
However, previous techniques of choosing the denominator function may fail in many cases to preserve the
dynamic properties of the continuous system. This study extends other studies mainly in two ways. First, we
have defined some uniform rules for nonlocal discretization that one can follow while using the NSFD scheme.
Secondly, the selection of the denominator function plays a crucial role in proving the dynamic consistency of
the discrete model with its continuous systems. Mickens and others have defined some denominator functions
for conservative and nonconservative systems. Such a predetermined form of the denominator function may not
work well, and the dynamics of the discrete system constructed after nonlocal discretization may depend on the
step size [36]. Instead of considering such a predetermined denominator function, we here show that the
denominator function can be selected from the stability conditions of the transformed discrete system. Using our
uniform rules for the nonlocal discretization of a continuous positive system, we have shown that highly
complex population models not only preserve the positivity and dynamic consistency of the continuous system,
but the dynamics also become independent of step-size, which has significant computational facility, especially
for coupled systems.
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