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1. Introduction

The general setting of this work is conservation laws in the form
u+fwy=0, xeR, tel0,T], (1)
u(x,0) = up(x), xeR. (2)
We assume that the data functions f and ug are such that Eqs. (1)-(2) have a unique entropy solution, e.g. f smooth and
uniformly convex and uy € L*(R), see [1, Section 3.4]. As typical for partial differential equations, Eqs. (1)-(2) cannot be
completely solved by analytic techniques. Consequently, numerical simulations are of fundamental importance in gaining

some useful insights on the solutions. More precisely, it is crucial to design numerical methods, which replicate essential
physical properties of the solutions. This motivates the following concept of stability [2]:

Definition 1. Assume that the solution of (1)-(2) satisfies some property (P). A numerical method approximating (1)—(2) is
called qualitatively stable with respect to (P) or P-stable if the numerical solutions satisfy property (P) for all values of the
involved step sizes.

The nonstandard finite difference method introduced by Mickens in the late 1980s appear to be powerful in producing
qualitatively stable schemes. A formal definition is as follows [2]:
Definition 2. A finite difference method for (1)-(2) is called nonstandard if at least one of the following is met

e In the discrete derivatives the traditional denominator At or Ax is replaced by a nonnegative function ¢ (At) or ¢(Ax)
such that

0@)=z+0@F*) as0<z— 0. (3)

e Nonlinear terms are approximated in a nonlocal way, i.e. by a suitable function of several points of the mesh.
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The following properties have received extensive attention in the design of qualitatively stable nonstandard finite
difference schemes: fixed points and their stability [3,2], conservation of energy, monotonicity [4,5], positivity and
boundedness [6,7], etc.

This paper is concerned with a physical property which to the best of the authors’ knowledge has not yet been exploited
in the context of the nonstandard finite difference method. That is, the total variation diminishing of the entropy solution
of (1)-(2). More precisely we have that the total variation with respect to x does not increase with time [8](Chapter
16), [9](Chapter 2):

TV(u(, t) = TV(u(, t)) for0 <ty <t,. (4)

Our aim is to design and analyze nonstandard finite difference methods for (1)-(2), which are qualitatively stable with
respect to the total variation diminishing property (4). A large variety of methods is available for this equation including
total variation diminishing (TVD) methods. The preservation of the diminishing total variation property is also discussed
in [10] within the context of the more general concept of strong stability. It has been shown that schemes with such
qualitative stability resolve discontinuities in the solution without spurious oscillations which are often displayed by
numerical solutions [11,12]. One problem associated with the explicit TVD methods is a restriction on the time step-size
which in some cases could be rather severe. This is particularly pronounced in higher order methods, e.g. methods of
Runge-Kutta type [13,14]. On the other hand, the computational complexity of TVD implicit methods is significantly higher
particularly when nonlinear functions are involved.

Our approach is to use the tools of the nonstandard finite difference method in constructing total variation diminishing
schemes which have the advantages of being computationally simpler (in the case of implicit schemes) and have no step-size
restriction (in the case of explicit schemes).

The rest of the paper is organized as follows. In Section 2 we give some preliminary settings and results including
Harten'’s lemma. In Section 3 we formulate an implicit nonstandard finite difference scheme using nonlocal approximation
of nonlinear terms. Section 4 deals with explicit nonstandard finite difference schemes where renormalization of the
denominator is used. Numerical results by both the implicit and the explicit methods are presented in Section 5. Some
final remarks are given in the conclusion.

2. Preliminaries

Following a space discretization, Eq. (1) is written as a system of ODEs of the form
v = L(v), (5)

where v = (v;) and v;(t) ~ u(x;, t). We consider the case when the operator L in (5) is obtained from spacial discretization
using the Lax-Friedrichs numerical flux. More precisely, we have

1 /4 o
L)y =5 (fry —Js)- (6)
where we assume that the mesh in the space dimension is uniform with a step-size Ax and
A 1
fj+% =3 [f 1) + F ) — a(vir — v)], (7)
o = max [f (W], (8)
u
the maximum being taken over the relevant range of u. Hence
1
L) = 5 [a(v1 — 20 4 vjm1) — f (V1) +Fvj-1)] - 9)
Let amesh t, = nAt,n = 0, 1, ..., in the time direction be given. As usual v" denotes an approximation of v at t = t,,.

The total variation of v" is given by
V" =)o, — vl
J
The discrete analogue of (4) is as follows. A numerical scheme is called TVD if TV (v") is decreasing with respect to n, that is,

VY > TVe™), n=0,1,2,.... (10)

The TVD property of numerical methods is often proved by using Harten’s lemma. We give below a version dealing with
both the explicit and the implicit cases [15,10].
Lemma 1 (Harten). Consider the explicit scheme

UJ!H—] =y + Cj+%(vﬁkl — ) - DJ’*%(UJF — vl (11)
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and the implicit scheme

o=+ G o - v]-r'+1)—Dj7%(v;'+1 v th, (12)

where C 1 and D

i1 are functions of v" and/or v**! at various (usually neighboring) grid points. If Gy 1 > 0and D1 =0
then the scheme ( 2)is TVD. If in addition to these conditions we have Cj+% + D]_

1 < 1then the scheme (11) is TVD. o

2
3. Implicit nonstandard schemes
In this section, we design nonstandard schemes by exploiting the nonlocal approximation of nonlinear terms as stated

in the second bullet of Definition 2. We consider nonlocal approximation of the function L for deriving nonstandard TVD
schemes for Eq. (5). Below we propose a scheme of Euler type.

At fl) —fly
U.TH"I — vﬂ + a(vﬂfl] l’l+1 + Un+1) _ ( 11+]1 n+]) J+ J . (]3)
J J 2AX e Vit vj+1 — vjﬁ_l

We should note that the linear terms in (9) are evaluated at t = t,;4. The expression f (vj+1) — f(vj—1) is multiplied and
divided by vjy1 — vj_q, where the multiplier is evaluated at t = t,,¢ and the remaining part of the expression evaluated at
t =t
Theorem 1. The scheme (13) is qualitatively stable with respect to the total variation diminishing property (4).
Proof. The scheme (13) can be written as

oy ac (. F@i) —fl) @ — oty o f( v —F () Wt = ).

J 17 2Ax v — v s ! i — Uy !

Therefore the scheme (13) can be represented in the form (12) with

c _ At fl) - f(v-",)
3T aax \¢ T vl — ’

Jt

_ At f +1)
=

Using (8), we obtain that 41 and D 1

1 i1 0 for all j. Hence it follows from Lemma 1 that the scheme (13) satisfies (10).
]

M

Using standard techniques of numerical analysis one can easily obtain that for linear systems the scheme (13) is consistent
and unconditionally stable. Moreover, the qualitative stability of the scheme (13) also does not impose any condition on Ax
and/or At.

We should note that one step in the time dimension requires the solutions of a tridiagonal linear system. Hence the
computation effort is similar to the one for explicit methods. Furthermore, the suggested scheme is not unique. One may
use a different kind of nonlocal approximation to obtain a TVD scheme. For example, the scheme

At fQjyy) = F@)) f) = flly)
vjn+1 — UF + O‘(U}Tf — 20 n+1 + Un+l) —( jnJ:] p+1) +nl — i’ (Ujp+1 n+1) > i1
24x Vit T Y J T

is also TVD.
4. Explicit nonstandard schemes

The schemes in this section are based on the renormalization of the denominator of the discrete derivatives, see
Definition 2. This means that the denominator At in the discrete time derivative is replaced by a function ¢ (At) satisfying
(3).In order to obtain elementary stable schemes, that is, schemes which are qualitatively stable with respect to fixed points
of the differential equation and their stability, the following renormalization was considered, [3,2]:

(gAt)
o(an = 2420, (14)
where the function ¢ is such that
¢@Z)=z+0(z*) asz— 0, (15)
0<¢(z)y <1 forz >0, (16)
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and g = max{|XA|}, A tracing the eigenvalues of the Jacobian J(v) of the right-hand side of Eq. (5) at the fixed points of the
equation. We will show that similar renormalization also ensures the TVD property of the scheme. We consider function ¢
as given by (14) where the value of q is suitably determined by the function L.

Let us consider first the Euler scheme

The next theorem shows that the above scheme is TVD.

Theorem 2. The scheme (17) where ¢(z) = @, z > 0, and ¢ satisfies conditions (15)-(16) is qualitatively stable with

o/ Ax
respect to the total variation diminishing property (4).

Proof. The scheme (17) can be written in the form

A
U}H'l = vf—l—wz(A;)( a(ly —2v] + v ) =] ,) +f] )
., e(AD fh) = f@) n f@) —fly
=+ > Ax <<ot M) Vi1 vj)_<°‘+l)}1_l)}11>('_11)>

Therefore (17) can be represented in the form (11) with

(At) fl) —f@h)
Co1= o I
2 2Ax vy —of

_ p(4n f(v”) —f( )

Using the definition of «, see (8), it is easy to see that G120 and D._1 > 0. Furthermore, we have

1 j—1

NI
NI

Y fh) = f@) @(At) f( vih) = f()
o1 TP = Ak ( vy —f T oax v — ol

(%) _(aAt

= o M= (T) ~

Then it follows from (16) that Gy 1 + D;, 1 < 1. Hence we can apply Harten’s lemma, see Lemma 1, and obtain that the

+32
schemeisTVD. W

Renormalization can also be used in higher order methods, e.g. Runge-Kutta methods. For investigation of TVD properties
a Runge-Kutta method is typically written in the so-called Shu-Osher form, [14], namely

YO = yn
yO = Z(Aijy@ + AtpLy?)), i=1,...,m
j=1
= ym.

By consistency Z i—oMj = 1,i=1,..., m. Therefore in each intermediate step of the method y® is a convex combination
of Euler forward operators

i—1
O =30 (9 acPipp0y) .
y ;; g (y 7o

If these operators are TVD then the Runge-Kutta method is also TVD. Following the result of Theorem 2 we will obtain a
TVD scheme if the Euler operator involving y% above is renormalized by

apij At
¢ ( Ajj Ax )
@A) = —g—
)»ijAX

where the function ¢ satisfies conditions (15)-(16). Note that this function might have to satisfy additional conditions for
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Fig. 1. Numerical solution by the standard Euler method with Ax = At = 0.2.
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Fig. 2. Numerical solution by the scheme (22) with Ax = At = 0.2.

the scheme to be of particular order. We will illustrate by an example. Following the discussion above the two stage scheme
given below is TVD:

At Ax
yO =4 <a—> 2Xrm (18)
AX o
1 1 1 [aAt) Ax
n+1 I n _ 1) = o= =L (1) . 19
T +2¢<Ax)a(y> (19)

Using standard techniques one can also obtain that it is of order two provided that ¢(z) = z + 0(z>).
5. Numerical results
We apply the schemes considered in Sections 3 and 4 to Burger’s equation

u + (;u2>x =0. (20)

Itis well known that the entropy solution of this equation develops discontinuities (shocks) even for smooth initial condition.
To simplify the matters we take

1.2 ifx <0,
utx, 0) = { 0 ifx>o0. (21)
After some obvious transformations the scheme (13) can be written in the form
At 1
1 1 1 1 1 1
oy =+ (o;(uj'?:1 =20 ) = SR = T + v}Ll)) : (22)

It was shown in [13] that non-TVD methods typically produce oscillations around the points of discontinuity. Fig. 1 shows
such oscillations produced by the standard Euler method applied to problem (20)-(21). Figs. 2-4 show the numerical
solution of the problem (20)—(21) by the implicit scheme (22) for various time steps. One can observe that while an increase
in At affects the accuracy of the solution it nevertheless remains TVD and free of spurious oscillations.
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Fig. 3. Numerical solution by the scheme (22) with Ax = 0.2, At = 0.5.
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Fig. 4. Numerical solution by the scheme (22) with Ax = 0.2, At = 1.0.
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Fig. 5. Numerical solution by the scheme (23) with Ax = At = 0.2.

Similar results are obtained using the explicit schemes in Section 3. For the considered problem (20)-(21) Euler’s method
(17) can be written as

n+l aAt
v; + ¢ (@] — 20" + v ) — W] )* + (P, (23)
where we take ¢(z) = 1 — e . The numerical solution computed with Ax = At = 0.2 is presented on Fig. 5. Fig. 6
2
represents the solution produced by the Runge-Kutta method (18)-(19) with renormalizing function ¢(z) = 1= o

t
that the method is of order two. Let us note that since the exact solution is discontinuous, a higher order method does not

necessarily give a better approximation. Naturally, the accuracy can be improved by decreasing the step sizes. However,
the major point here is that irrespective of the step sizes the numerical solution is free of spurious oscillations and its total
variation does not increase with time, for this particular equation it is in fact constant.
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Fig. 6. Numerical solution by the scheme (18)-(19) with Ax = At = 0.2.
6. Conclusion

Schemes preserving the essential physical property of diminishing total variation are of great importance in practice.
Such schemes are free of spurious oscillations around discontinuities. In this paper, we have discussed nonstandard finite
difference schemes, which have this qualitative stability property. We used Mickens’ rules of approximating nonlinear terms
in a nonlocal way and of renormalizing denominators. The obtained schemes are computationally simple. Furthermore, they
require no restriction on the time step-size as typical for qualitatively stable nonstandard schemes [2].

References

[1] L.C. Evans, Partial Differential Equations, AMS, Providence, 1998.
[2] R. Anguelov, ].M.-S. Lubuma, Contributions to the mathematics of the nonstandard finite difference method and applications, Numerical Methods for
Partial Differential Equations 17 (2001) 518-543.
[3] RE. Mickens, Nonstandard Finite Difference Models of Differential Equations, World Scientific, Singapore, 1994.
[4] R. Anguelov, ].M-S. Lubuma, Nonstandard finite difference methods by nonlocal approximation, Mathematics and Computers in Simulation 61 (2003)
465-475.
[5] R. Anguelov, J.M-S. Lubuma, S.K. Mahudu, Qualitatively stable finite difference schemes for advection-reaction equation, Journal of Computational
and Applied Mathematics 158 (2003) 19-30.
[6] R.E. Mickens, Applications of Nonstandard Finite Difference Schemes, World Scientific, Singapore, 2000.
[7] R. Anguelov, P. Kama, J.M-S. Lubuma, On the non-standard finite difference models of reaction-diffusion equations, Journal of Computational and
Applied Mathematics 175 (2005) 11-29.
[8] J. Smaller, Shock Waves and Reaction-Diffusion Equations, Springer, 1983.
[9] L.Hormander, Lectures on Nonlinear Hyperbolic Differential Equations, in: Mathematiques & Applications, vol. 26, Springer-Verlag, Berlin, Heidelberg,
1997.
[10] S. Gottlieb, C.-W. Shu, E. Tadmor, Strong stability-preserving high-order time discretization methods, SIAM Review 43 (2001) 89-112.
[11] C.-W. Shu, Total-variation-diminishing time discretizations, SIAM Journal of Scientific and Statistical Computing 9 (1988) 1073-1084.
[12] C.-W. Shu, S. Osher, Efficient implementation of essentially non-oscilatory shock-capturing schemes, Journal of Computational Physics 77 (1988)
439-471.
[13] S. Gottlieb, C.-W. Shu, Total variation diminishing Runge-Kutta schemes, Mathematics of Computation 67 (1998) 73-85.
[14] L.Ferracina, M.N. Spijker, An extension and analysis of the Shu-Osher representation of Runge-Kutta methods, Mathematics of Computation 74 (2004)
201-219.
[15] A.Harten, High resolution schemes for hyperbolic conservation laws, Journal of Computational Physics 49 (1983) 357-393.

Please cite this article in press as: R. Anguelov, et al., Total variation diminishing nonstandard finite difference schemes for conservation laws,
Mathematical and Computer Modelling (2009), doi:10.1016/j.mcm.2009.08.038




	Total variation diminishing nonstandard finite difference schemes for conservation laws
	Introduction
	Preliminaries
	Implicit nonstandard schemes
	Explicit nonstandard schemes
	Numerical results
	Conclusion
	References


