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Abstract. In this paper, we propose a posteriori local error estimates for numerical schemes
in the context of one-dimensional scalar conservation laws. We first consider the schemes for which
a consistent in-cell entropy inequality can be derived. Then we extend this result to second-order
schemes written in viscous form satisfying weak entropy inequalities. As an illustration, we show
several numerical tests on the Burgers equation and we propose an adaptive algorithm for the selection
of the mesh.
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1. Introduction. We consider one-dimensional finite difference schemes for the
approximation of the scalar conservation law:

w4+ f(u)y =0, € R, t>0

with initial data in the space of functions of bounded variation. In this paper, we
propose a simple framework which is used to derive explicit a posteriori error estimates
in the local L' norm for this class of numerical schemes. The idea is to use the classical
Kruzkov-type estimates, [19], [20] in the form of [4], [17], starting from an approximate
entropy inequality the approximate solution is supposed to satisfy. From a numerical
point of view, this provides a way to convert any in-cell discrete entropy inequality
into an error estimate. The a posteriori estimates derived in this work are local and
have the form

(1.1) /K lu(z,t) — v (z,t)|de < E(",t, K),

where v" denotes the approximation of u obtained by an E-scheme or a (possibly)
high-order scheme, K is a typical cell of the space partition, and £(v",t, K) is a
computable quantity that depends on the data of the problem and on values of v" in
appropriate extended cones of dependence; cf. Theorems 3 and 4.

Error estimates of the form (1.1) are proposed for schemes satisfying two types
of entropy inequalities. First we consider schemes that satisfy “strong” (consistent)
entropy inequalities, Theorem 3. Then starting from general (high-order) schemes
written in “viscous form” (cf. (1.7), (1.8)), we are able to derive a very weak entropy
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inequality which is not consistent in the sense of Lax and Wendroff [22]. In the final
estimate this lack of consistency gives rise to an additional error term in the error
estimate of Theorem 4. It is interesting to note the nice behavior of this additional
term into the smooth regions and its relation to Oleinik’s entropy condition at shocks;
cf. Remark 1. Also, it seems that this term is in fact of higher order, if compared
with the other terms in the estimate; cf. Remarks 1 and 3. Indeed, under stronger
CFL conditions, this is shown in the case of convex fluxes, Remark 3. In the general
case the numerical tests confirm that the contribution of this term is actually very
small. On the other hand the estimator in Theorem 4 is at best O(h'/?), when shocks
are present; cf. Remark 2. Note that estimates of the form (1.1) are meaningful even
for schemes for which we do not know if they are convergent or not. Indeed if our
computed approximations are such that & < 7, 7 given tolerance, then the error in
(1.1) is at most 7. In particular these estimates can be used in computations with,
e.g., MUSCL schemes even when the flux is not convex.

Estimates of the form (1.1) can be used to design adaptive algorithms. As an
illustration, we present some numerical runs on the modified Lax—Friedrichs first-
order scheme introduced by Tadmor [36] and on its second-order extension obtained by
means of the piecewise constant viscosity modification proposed by Osher and Tadmor
[32]. These tests involve some Riemann problems and the computation of a stationary
shock for the inviscid Burgers equation and show that right-hand side of (1.1) tends
to zero as h — 0. In addition, we present some preliminary computations based on
an adaptive algorithm using the estimate proposed in Theorem 4. A summary of the
conclusions from our experiments is presented in the beginning of section 4.

As pointed out first in [8], [9] the approach of [20] used henceforth in the literature
by many authors to obtain estimates for schemes approximating the entropy solution
of the conservation law (cf., e.g., the references in [9]) is an a posteriori approach. In
most of these works the focus was to obtain rates of convergence and not estimates of
the form (1.1) suitable for computations. A posteriori estimates in L' were derived
in [10] for high-order finite element schemes using the technique of Kuznetsov [20]. In
[16] a posteriori estimates in a weighted space-time L? norm for finite element methods
approximating the e-viscous perturbation of one-dimensional systems of conservation
laws are obtained. Estimates in a dual Lipy norm for convex fluxes were proved
in [26]; see also [34] for similar estimates for finite element schemes. See also [23],
[24], [2], [33] and the references therein for adaptive schemes for conservation laws.
The results of this paper were announced in [14]. In [14] a posteriori estimates for
monotone finite volume schemes using the same ideas were also derived; cf. also [18]
for similar results in the space-time L' norm.

It is known that the second-order schemes considered in this paper converge to
the entropy solution of the conservation law in the case where the flux is convex [32].
For the antidiffusion schemes considered in [7] convergence and error estimates were
proved provided that appropriate discrete entropy inequalities hold; cf. also [28]. The
in-cell entropy inequalities shown in the present paper are different and suffice to
prove the estimates in Theorem 4.

This paper is organized as follows. In what follows, we introduce the schemes
and our notation. We consider the incremental coefficients of Harten [15] (cf. (1.11)),
which are of great use in this work, and we present a variation of the error theorem
from [4], [17]. In section 2, we derive a local a posteriori error estimate for entropy
consistent schemes using a strong in-cell discrete entropy inequality. In section 3,
we extend this result to more general schemes written in viscous form by means of
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a weaker discrete entropy inequality. To prove the main result of this section, some
lemmas are needed and their proofs are forwarded in the appendix. Then, in section
4, we present some numerical computations using the modified Lax—Friedrichs scheme
and its second-order extension. This provides a way to compare the estimated and
the exact error for these numerical approximations. As a final illustration, we display
some approximate solutions generated by an adaptive second-order algorithm based
on our second-error estimate.

Preliminaries. We are interested in the Cauchy problem for the following partial
differential equation:

(1.2) ug + f(u), = 0 with (z,t) € R x R,
’ u(.,0) = up € BV(R),

where f € C?(R) and BV (R) denotes the space of functions of bounded variation,
[12]. Problem 1.2 admits a unique entropy solution, [19], i.e.,

V positive ¢ € C3(R x R+)7/

[U@)ér + Flus,ldrdt + / U (o) (2)6(z, 0)dz: > 0,
RxRY

R

where U € C?(R) is strictly convex and F' = U’f’. In the case of strictly convex
fluxes, f” > a, a > 0, the entropy solution u satisfies the following one-sided Lipschitz
estimate (Oleinik [29]):

V(t,s) € (RY)?,
(u(xat) — u(yat)) def 1
+

r—y = Hu('vt)||Lip+(R) < S
Hu('xS)HLier(]R)

(1.3)

t > s,sup .
Tarty +a(t—s)

For each a € R, the notation (a)4+ stands for: max(a,0).

Numerical schemes and approximate solutions. Following, for instance,
[12], we recall here the basic properties of the most usual finite difference schemes
for (1.2). We introduce consequently a space-time discretization defined by a uniform
time-step At > 0 and a countable collection of grid points x 1 for j € Z. Also let

(1.4) hj:zﬂ_%facj_%;0<hzji_1€1£hj;h:i1€112hj.
Then we denote z; the middle-points of the cells K = [:ijé,xfr%): Tj= T 1 —

(hj/2) = x;_1 + (h;/2). Similarly, we define time intervals of the type: I" =

[t",t"T1) where t" = nAt for n € N. In all this work, we will consider piecewise

constant numerical approximations v" of u generated by conservative algorithms in
the sense of Lax and Wendroff [22].

" RxRt — R,

(1.5) (x,t) +— vh(x,t):v;? ifxe Kj;telm

Let us define the following discretization for ug: Vj € Z7v]0. = & [, uo(x)dz. Then
J J
we consider schemes that are constructed using a consistent “essentially 3-point”
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numerical flur function g. In particular let g, g : R?? — R be a Lipschitz continuous
function such that

(1.6) WFpr1-- ) = g = 900 s V),
g(v,...,v) = f(v).
The explicit schemes we will consider in this section are written as
At
n+l _ n =Yron _n
(1.7) YT T, (G541 — 95-3)-

Following [32], we write these (possibly high-order) numerical schemes in the equiva-
lent form
ntl _ At At

£ — )+ %( }’+%(v§‘+1 —vj) — Q?,%(U;L — 1)),

(18) U_] 'Uj — %( j

where the quantities ;' and Q;.L 1 are, respectively, called modified flux and numerical
2

viscosity for the scheme. We assume that the modified flux is of the form
£ = f]) + 7,
(1.9) '

/' depends on v}y, v}, vl .

In [32] it was shown that these schemes are SOR (second-order accurate in the
smooth regions) as soon as the following requirement is ensured:

_ 2 fn+1*f~n -
(1.10) Q;»LJF% = )\(a?+%) + 71;3141_1,]? + O(|v} — v}),
' P G Ve (C))
i+3 Vi v}

More precisely, second-order accuracy is given up in the neighborhood of nonsonic
extremal points. We mainly refer to [32] for detailed results.

In order to study the convergence properties of the schemes (1.7), (1.8), it is
convenient to introduce their discrete spatial total variation:

TV ")) =Y o, — .
JEL

Moreover, we will use the following notation: A = At/h. Following Harten [15], we

now define the coefficients m;? 1 p;?_ , which are going to be widely used throughout
2 2

this paper:
f! —f"
n n _ _J+1 7§
Mitd TR T e
(1.11) o (4,m) € Z x N.
pn _ Qn f]’ _fjfl
i3 =3 Vv’

These coefficients are clearly positive if the requirements of the following theorem are
met.
THEOREM 1 (see [32], [12]). Assume that the following CFL condition is met:

n o _ fn 1
e ", <o (jn) €EZxN.
Uiy — U] 2\

(112) <Qj.,
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Then the numerical approxzimation v" is L>-stable and total-variation-diminishing
(TVD):
(1) o™l oo xr+) < lluoll Lo (r),

(1.13) (i) TV(Uh)(tn) < Tv(vh)(tnfl) < TV (ug).

To derive our a posteriori error estimates we will use the framework of [4], [17].
The following approximation lemma is a slight variant of the main result in [17] which
was based on a result proposed by Bouchut and Perthame [4] (see also [13] for a version
designed for inhomogeneous equations). In all that follows, we shall use the following
notation:

R} = (0, +00).

THEOREM 2. Let v" € L™°(R*t; BV(R)) be a numerical approzimation of u the
entropy solution of (1.2). Suppose further that v" satisfies the hypotheses of Theo-
rem 1 and the following approximate entropy inequality for every positive test-function
with compact support o € C§(R x Rf) and all k € R such that [k| < ||uo| £ (r):

(1.14)
—/R . [ (2, 8) = Kl (2, ) + sgn(o” (z,) — k) [f(0")(2,t) — (k)] (@, t)]dedt

S/ / a(wz,t) (Sup go(x',t)) dxdt
K I’EKJ'

* JEZL
+ /Rx]Rj (ﬁ(x, t)|@a (@, )| + v(z,t) ot (z, t)l)dxdt

with o, 38,7y some positive k-independent functions in LS. (R x R}Y) and {K,};ez is a
partition of R.
Let (T, R,A,6,v) € (RT)? x Rf and h; < A, then the following estimate holds:

(1.15)
/ lu(s, T) — v"(s,T)|ds < / lu(s,0) — v"(s,0)|ds
je|<R

|| <R+MT+A
+2C(A + M8)TV (ug)

/ /m|<R+M T—t)a { (5,8 + 46% e (224 + 2) W(S,t)} dsdt

+C sup ~(s,t)ds

0<t<T+v /|m|<R+M(TE)+A

with M = max{|f'(§)], || < luollz=®)} and C an absolute constant such that C > 2.

Proof. The proof of this result follows [19], [4], [17]. Considering two positive
functions @, ¢ in C (R x R}), we set ¢(z,t,y,s) = ®(z,t)((z —y,t —s). We sum both
the entropy inequality for v"(z,t) and u(y, s) and we integrate on (R x R} )2:

- / ulz,£) — 0" (g, 5)| B4z )
(RxR})?

+sen(u(z, £) — o (y, ) [ (W)@, t) = F(0") (g, )]s (@, )]C (e — y, t — s)dudtdyds
<A+ B+C,
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where

= afz,t) sup (|o(2',t,y,s)|)dxdtdyds,
/(Rij) /Rj Xj: /KJ- ( )

I’GK]'
B = B(x,t)|¢s (2,1, y, s)|dvdtdyds,
(RxRE)?
C= Y(x,t)|pe (2, t,y, 8)|dedtdyds.
(RxRY)?

We now choose the functions ¢ and ®: for any positive constants §, A, we define

C(x,1) = ¢*(2)C!(t), where ¢*, " satisfy

/ Ct dt =1 / Cw —
= (1(t/8)/8 and supp(¢t) C (—1,0),
C””(%‘) = (i (2/A)/A and supp(¢t) C (=1/4,1/4).

Then |¢}(t)] < (1 +m), [¢F(z)] < 2(1 +m) with m > 7 > 0. Similarly, we define
a regularized Heaviside function Yy such that Yp(—o0) = 0, Y, (t) = Y/ (¢/6)/0, and
J Y{(t)dt = 1. With another parameter € > 0, we set

0<x(t)=Y(t) - Ye(t—T)<1€CY0,T +¢)
and, finally, we get the expression of ® € C}(R x R}):

def

O(z,t) = x(O[1 = Yo(Jz[ - R—A/2 = M(T - )] = x()(z,t) <1

which remains smooth as long as Me < R + A/2. We also deduce the corre-
sponding bounds for the derivatives of ®: |®,(z,t)| < maxeer [Y{(§)]/0, |P(z,t)| <
IX'(t)| + M. maxecr |Y{(€)]/6, and |x'(t)| < 2maxecr |Y{(£)/e| where we have once
again |Y{ ()] < (1 4+ m) with m > n > 0. Because of the Lipschitz property coming
from the flux function regularity and the uniform bound on the amplitude of the
solutions, we get

— /(R ) lu(z,t) — v"(y, )X (t)¢(z, )¢ (x — y,t — s)dedtdyds < A+ B + C.
x 2

Taking € — 0 in the above relation and using the bounds

AS/ a(z, t)dxdt,
|| <R+M(T—t)+A
Y/ | 1llLee
B< <|| il o llct i )/ B(x, t)dzdt,
0 A |z| <R+M(T—t)+A

YY1 i
C< (M” 1z +2||<1||L >/ ~v(x, t)dxdt
0 6 || <R+M(T—t)+A

~(z, f)d:c}

+2||Y1'||Lw{ sup /
0<E<T+v J|z|<R+M(T—E)+A

we derive the desired bound following the arguments in [4], [17]. O
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2. The case of strongly entropy consistent numerical schemes. In this
section, we consider the particular case of numerical schemes which are endowed
with a strong consistency relation with the continuous problem (1.2). More precisely,
this means that for all entropy functions U, there exists a consistent and Lipschitz
continuous numerical entropy flux G such that the following inequality holds:

(2.1) Uit —U@?) + at

! hJ(J+1 Gi_y) <0

1
2

with the same notation conventions as before. This requirement (2.1) is met in the
case of E-schemes [30, 32] or monotone schemes [11] (which are special E-schemes).
We also know that this class of algorithms is most of the time limited to (formal) first-
order accuracy, so we can restrict ourselves to numerical approximations generated
by a 3-points scheme corresponding to the value p =1 in (1.6):

At

1

(2:2) vt =l — E[Q(U?7U?+1) = g(Wi_y,v7)]-

Thanks to the regularity requirements, it is possible to rewrite them under a unique
viscous form determined by the wiscosity coefficients denoted Q;L 1

(2.3)
v}L“:v}’—fhi(f(U?H)—f(j >>+2%t< L0y =) — QL (0 — 0 ,)).

In this case, any modified flux used in (1.8) boils down to the continuous one. We can
also simply define in a unique way Q?+% = [f(v}) + fo}4q) — Qgﬁ%]/(v%_l —v}) as
a function of the two adjacent values (v}, v}, ;). It is possible to derive an analytical
expression of these coefficients at least for the formal first-order schemes like Godunov,
Lax—Friedrichs, Murman—Roe, Engquist—Osher [32]. Of course, provided we use a
sufficiently small time-step, we are in position to use Theorem 1 to bound the resulting
numerical approximation v” for which one gets a somehow simplified form for the CFL
restriction and the incremental coefficients:

n et f(“;+1) f(v?)
vl g) — f(uf 1 Mmi1 =W~ o
‘]W < ;:_1 < o and 2 P ; ”)ﬂ-;( ) (j.n) € ZxN.
(% — U 2 v v
+1 7 — n
Y Py =@y T T

Derivation of the error estimate. The main purpose of this paragraph is to
prove the following result.

THEOREM 3. Assume that the restrictions of Theorem 1 are met for the scheme
(2.2) which is supposed to satisfy (2.1) for all Lipschitz continuous entropies U. Then
we have for all T > 0

N a:j+%+MT+A b
[0 (2, T) — u(x, T)|dx < [v"(x,0) — u(zx,0)|dx
K, @, ) ~MT—A
(2.4) 1

+2C(3vV2 + 1)/TV (ug) (ZAth> +CA  sup  {A7),
n=0,...,N+1
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where

(2.5)

n __ n n n .
xp= heQyy L0y — vp| with
ZSEVAN

TPa={0+1 2 € Blaj,hy/2+ M(T — ) + A)},
B(wj,hj/2+ M(T — )+ A) = [1;_y — M(T —t) = A,aj 3 + M(T — 1) + A,

A =3/ MTh/2, C=2, A= At/h,
M = sup{| f'(&)] with €] < |luollL=(r)}; N = T/At.

Proof. We have to compute the following quantity for all £ € R and all positive
test-functions ¢ in C}(R x R}):

(2.6) 7Z=- /(]R R+)[|fuh — k|t —l—sgn(vh - k)(f(vh) — (k)] (z, t)dxdt.

It is therefore sufficient to consider only the one-parameter family of Kruzkov’s en-
tropies: U*(u) = |u — k|, F*(u) = sgn(u — k)(f(u) — f(k)). Since v" is a piecewise
constant function, we can rewrite Z as

(2.7)
T= S W) = U] [ el e+ [P ) = PO [ ol
Jn J e —
e o

Thanks to the strong entropy requirement (2.1), there exists a consistent numeri-
cal entropy flux G*, (Gk(v?,v;‘) = Fk(v?)) associated with each U*. Thus one can
show that

<Y [UF@) = URn)(@rt! - @y /At)
J.m
(2:8) + (G (0], 07 40) = GF (0 o)) (] s — 27 /hy)

J=b "

TG 0}) — CR ] (@1 ) — @ fhy).
To estimate the right-hand side of (2.8) we proceed as follows:

U () = U )] < [+ — o

fi) = f(0f)

n n
n n ‘| |vj+1 — Y

< (3/2) [ i T

Vitr Y
(2.9) 420
n f(lun) - f(runfl) n n
+(A/2) [Qjé + —jjn o jl [vf — 4],
J J—
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and
G* (v}, v 1) = GF (0, )| +IGE (0F, 0] ) = GF (0], v} )| < Mo}y —of [+ o] —v 4 |].

Moreover, |@30 — @At < [ie g e, )|dadt and |T4 s = @7 /hjl < [y, 0
(x,t)|dzdt. At this point, we can define the coefficients «, 3,7 used in Theorem 2 for
(x,t) € Kj x I™:

alz,t) =0,
Bz, t) = M|viy, —vf[ + |[vf —vi_4]],
v(z,t) = (A/2)[m j+%|vj+1 — Yy 7l +Pj,%|U§L - UJT'LA”-

According to this theorem, we have the following error estimate for all 7' > 0:

/ (s, T) — v"(s, T)|ds < / lu(s,0) — " (s, 0)|ds
2|<R

|| <R+MT+A

T
+20(A + M8)TV (ug) + / / als, 1)
0 JB(;h; /24 M(T—t)+A)

LA o (B 1) 7<s,t>}dsdt

+C sup v(s,t)ds

t<T+y/ B(xzj,h;/2+M(T—1t)+A)

with Bz, hj /24 M(T—t)+A) = [z, 1 — M(T—t) = Az, + M(T— )+ A] Vt €

[0,T]. Since the functions (3,7 are piecewise constant, the right-hand side can be
rewritten as a discrete summation. In fact, we denote by N the value T'/At and we
consider the following two terms:

N
M n n n
By =2C{ ATV (u) + ;Atzg; (4+AQ7 1) helviy —vp| ¢,

Ey = 2CM&TV (uq) ZAt D AQ s helvpiy —vf -
n=0 ZGI"

The best values for the A, § constants are implicitly given by

1
2
F DA 3 (4 QE ) helvli —vl
=N
1
2
b= m ;_;)Atfez]; AQp 1 he vy — ol

According to the CFL condition (??) which implies the TVD property, an upper
bound for A is given by

F L;)At% (4+ ) e+1—v§’lr 33(gh)%-
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So, for this choice of A, §, the terms F; and FE5 are bounded by

Nl

[~
9
AC\/TV (ug) | DAt > 5@y helvisn —ofl|

[n=0  teJr,

and

- ;
20V/TV (uo) | DA Y Qs helviyy —opl|
[n=0  ¢eJr,

respectively (where in J', A is replaced by its upper bound 3(% h)%). It remains
only to add the first-order time term and thus to complete the proof. 0

3. Error estimates for second-order resolution (SOR) schemes. In this
section, we will derive estimates for SOR schemes of the form (1.7). Given any
“essentially 3-point” conservative discretization of the type (1.7), one is always able
to define a viscous form (1.8) considering a modified flux fj' and a modified numerical
viscosity Q",, = m"” , + p”,, for which the following analogue of the first-order

J+3 Jta J+s
formula holds:
. £+ 1 —Qg?+%
j+s

n _an
Vip1 — Yy

We will use also a discrete one-sided Lipschitz seminorm of the numerical approxima-
tions as another indicator in the error estimate:
" vl — ol
(31) L G I
JEZ J +
A numerical scheme is said to be lipT -stable if the quantity (3.1) remains bounded
as h — 0 Vt" > 0 (see, e.g., [5], [26], [27], [35], [37] for details).

A weaker in-cell entropy inequality. In this paragraph we derive a weak in-
cell entropy inequality for general numerical schemes written in viscous form (1.8).
This will be useful to once again use Theorem 2.

LEMMA 1. Assume that the scheme (1.8) satisfies the stability conditions of The-
orem 1, then, for all entropies U*(v) = |v —k|, k € R and all (j,n) € Z x N, we have
the following in-cell inequality:

(3.2)
Uk (U;H-l) _ Uk (’UT»")

J

At

- ﬁj[mﬁ%w’“(vﬁl) — UM W}) = P} 1 (UFW]) = UM (vf_y))] < 0.

Proof. Multiplying the viscous form (1.8) by Sgn(v;L+1 — k), one gets for every

keR:

|v;-1+1 — k|- sgn(v;”rl —k)(v] — k)

At n n

a ﬁmﬂésgn(vyﬂ — k)1 = v7)
J
At

sgn(v}”rl —k)(v} —vi_ 1) =0.

* on, Pimt j

Since Sgn(v;”r1 —k)(v} —k) < |v} —kl, using the CFL condition of Theorem 3, we get
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n n At
ot k=1 41 (1= 3 my iy p, )

At " At
_Thjmj-ﬁ-%wj-i-l k| — pj_,lvj . — k| <o.

This yields the desired result. 0

An approximate entropy inequality for v®. As in the previous section, we
now want to bound the following quantity for all £ € R and all positive test-functions
¢ in C3(R x R}). The main point will be to compensate the lack of the entropy
consistency of (3.2).

T = 7/ [[o" — k| @ +sgn(v” — k) (f(0") = f(k)) po](z, t)dzdt.
(RxR}) >——

Uk (vh) FEk(vh)

h

Since the approximate solution v" is piecewise constant,

V5 o, —fP
=Y gt Uit = UF )] + @) / sgn(v — k)-2—Ldv
Z J+ts : U;}-ﬁ-l _ ,an
CH f
I + / j+1
1 —k — ==
(33) + @]-‘ri /v]" Sgn(’U ) lf (U) U;L_;'_l . U] ] v

= Iy + 1y + 1s,

where go”“ / go(x,t"“)dm,gb;i% :/ o(xjy1,t)dt.
K

J

We now have the following estimate.
LEMMA 2.

1
1 +1, < Z 5 {mzﬁr% [vip —vj |+ P}L_%W? - U;‘lﬂ}

Jsn

(3.4)
x </ Alge(, )] + %(:v,t)dwdt> :
K;xIn

Proof. We have

Il —1—12 _ Z L)51;{4;1[Uk(,U;l+1) _ Uk(vjn)]

Jn
1 Vit fr, —fr
1" i+ J
+§ @J-‘r%/ Sgl’l(’l}—k)m.d’l}
vy J+1 J

Using the weak entropy inequality (3.2) multiplied by ¢} = [, [ K, o(z,t)dzdt > 0
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we finally obtain
I +1, < Z "*1 @?/At)[Uk(v;LH) - Uk(v?)]

+ Z@?/(%j)[ L(UF(]) = U ()

j,n
- Q) (U*(w]) = U (vf-y))]
1" n Vi £, — £
+ = Z — @5 /hj) sgn(v — k) =—————dv
i AT
1 —I" -n U;L f]’ﬂ — fjnfl

To estimate the space terms of the rlght hand side of this inequality, first we observe
£
J+1 J+1— J J+1 ’ k k
that f sgn(v — k)L e d = (U (Vi) = UN(

o v}')). So the quantity
J

- §Z¢y/hj[ r U ) — UM ) — QU (UH () — UF ()

F IS — ) T U - UM 0))

jn J""l
1 I _n f]n—fjn—l k/ n k(on
+ 52(%_% 2 /’%‘)W[U (vj') = UF(vi_1)]
™ i~ Vi1

becomes, after a summation by parts,

R=3 ZQ” U @y = E ) = @1y = Gy
fn 1 .
27 LU UMl - 7 /)

+ (@;—i% — @i 1/hj-1)].

Therefore,
1 n n n " n I n
R = 3 W0 = UH )] [Py (61 — @3 /hy) = miy (14 = @1 /)] -
J.n

And we have

T+ To < 3@ — @/ ANUR @) - UF )]

j’n

1 n n n —I" —-n
+§Z[Uk('”j)—Uk(vj—1)] P, (%I-_% — @5 /h;)
J.n

i=3

—m? (s — e /b))

The proof of the lemma is complete by observing that
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\Z 5t = oy /A UM ) ) = UF ()

} / |or(z, t)|dadt
K;xIn™

J

A
S L R R S
j,n

SIS0t — U] [y (B, — 83 /my) ity (B — g /hy)]

[y — oy o — ] / ooz, 8)|dadt. O

jn KjXI"

The proofs of the next two lemmas are forwarded to the appendix.
LEMMA 3. For every (a,b) € R? and § € [0,1], let us define the following quantity:

Afa,b;0) < 2[(1 = 6) f(a) +0£(b) — F((1 — O)a + 6D)].

Then we have

p(@',1)
3.5 I3 < +1 / sup dxdt,
(3.5) 5 <Yy (W ) S Sy

jnﬁ/—/

1
J+§

where with 1g indicating the characteristic function of S,

n . m m
wj+% - |:( 11);7/§1);"+1 - 111 >1) )elél[éol)i] A(Uj ,U]+1, 9):| . and VJ+2 |fj+1 — fj |

Remark 1. Since the flux function f is smooth, we have w Ty = O([v7, —o7|?).
In addition, the difference of two adjacent correction terms [32] is known to be such
that V]’.‘Jr 1= O(|[vyy — v;l|2). Consequently, the contribution of 73 will be actually
very small in the areas of smoothness of the entropy solution of (1.2). Moreover, one
notices that Oleinik’s entropy condition [29] implies that if the values v}, v}, are

connected by a single shock, then w” = =0.
2
Assuming that f is convex, one can refine the expression of w;:L I
2
LEMMA 4. In the case where f is convex there holds
(3.6) Vji€Z, wi < max F1 Oy = vfl(viy — 0]+

g€V}, vT 4]

Summarizing, under the assumptions of Theorem 1, v" satisfies the following
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approximate entropy inequality:

(3.7

= [t He s = ") — ()], ) dad
(RxRIF)

1
< E qr, . — sup (2, t)dzdt
- 73 hy K;xIn 2/ €K; (@)

A
F S gl — ol =) [ el )ldeds
jn KjXI"
1
+y 5 [y = of [+ Py o) — o)) / oo (, t)|dadt.
jn Kj;xIn

Now we can use the framework provided by Theorem 2 starting from the approx-
imate inequality (3.7).

THEOREM 4. Assume that the restrictions of Theorem 1 are met for the scheme
(1.8) which satisfies (3.2) for all Lipschitz continuous entropies U*, k € R. Then we
have for all T > O:

a:j+l+MT+A

Uh:C — u\xr X 2 T — u\xr X
/Kj| (2.T) — u(, T)|d s/ @0~ u(e0)ld

x.lMT

2

+2C(V10 +1) TVuO{ZAtXV} +ZAtXE+C>\ sup  {A%Y,
N+1

n=0,...,
where
Xp= 3 heQp b —op,
1IN
Z Apyy with dpyy = wiy vy,
(3.9) LeJT o
n n 5Th

M = sup{|f"(§)] with [¢] < luoll=m}, C=2, N =T/At.

Remark 2. Note that the error bound in (3.8) is at best O(h'/2). This is also
observed computationally; cf. section 4. This means that this estimator “cannot see”
the possible extra accuracy of an SOR scheme. Up to the authors’ knowledge, there
are no known asymptotic estimates of higher order for high resolution schemes; cf.
also section 4.

Remark 3. It seems that the new terms X7 which measure the lack of the entropy
consistency of the scheme are of higher order if compared to the other terms in the
estimate. Indeed, first note that in the case where {7 = f(v}) and the flux is convex,
then this term is O(h) while the other terms in the estimate are O(h'/?). This is a
consequence of the lip™ stability of these schemes proved by Tadmor. In the general
case this is supported by heuristic arguments based on Remark 1 and on the fact that
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the correction term fj” should be “close” to h( - /\( )2) /2; cf. [12]. We will

see the existence of numerical evidence of the mce behav1or of this indicator in the
tests displayed in the forthcoming section.

Proof. Starting from (3.7), we define the following piecewise constant functions
for (z,t) € K; x I™

Oé(l',t) = q;‘LJr% /hja

(3.10) Blat) = 5 (w03 o]y — ) [+ B7 o) =)

[t

[ > Do

Y, t) = 5 (mf g lof = o) [+ DYy o} — o)y

Then Theorem 2 implies

/|m<R

u(s, T) —v"(s,T)|.ds

< lu(s,0) — v"(s,0)|.ds + 2C(A + M&)TV (ug)

/|m|<R+MT+A

T
+/ / {a(s,t) + ACH(s, 1) +C <W + 1) ’y(s,t)} ds.dt
0 Jjz|<R+M(T—t)+A A A6

+C sup / ~(s,t)ds
0<E<T+v J|a|<R+M(T—8)+A
with B(xj, h;j/2+M(T—t)+A) = [v; 1 —M(T —t) = A, z; 0 + M(T - 1)+ A} Vt €

[0,7]. By the definition of J'y we have

N
a(s,t)ds.dt < ZAt Z q&_%

(3.11) /
B(xj;h;/2+M(T—t)+A) n=0  fLeJl',

Similar bounds hold for the other terms. These terms are bounded by E; + Eo where

By = C|2ATV (ug) ZAt > (4+2MNQ7, 1 he logy — vy

n=0 ZGJ"

Ey=C

2M(STV UO 5ZAt Z )\Q[J,_l h£|ve+1_vé |‘|

n=0 LeJl A

Using in this expression the CFL condition 2M X < 1 yields the optimal value of A:

1/2

Z At Z 5QZ+% he|vgpq — v |

ISNEN

\/ 2TV uo

The TVD property and Asup; , Q;?Jrl < %, imply that A < ,/%Th. We choose also

the following value for 6:

1

N
= v | 2

n=0

1/2
n n n
> AQY 1 helvfiy — g |1 :
=N
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1/2

Then, replacing in J}'A A by its upper bound (%Th) , we conclude that E; and

FE5 are bounded, respectively, by

1/2

N
2C\/TV (ug) Z At Z 1OQZ_% he |vgy — vy
n=0

2N

and

1/2

N
QC\/W ZAt Z QZJF% he oy — 7|

n=0  (eJr,

and thus the proof is complete. |

4. Numerical results. In this section, we display some numerical experiments
on the inviscid Burgers equation:

(4.1) wt(5),=0
uo € BV (R).

We will restrict ourselves to sufficiently simple initial data in order to be able to derive
the exact solution and to compare the two estimates (2.4), (3.8) with the real error
of the numerical schemes.

In sections 4.1 and 4.2 below we compare the estimators (2.4), (3.8) with the
real error as h — 0. These runs use uniform mesh. Our first conclusion is that both
estimators approach 0 as we refine the mesh. In addition it is verified numerically that
the estimators control the error. On the other hand, the experiments show (for the case
of second-order schemes, see also Remark 2 and the discussion below) that they are
quite pessimistic. Of course, asymptotical exactness (cf., e.g., [1]) is probably asking
for too much in the context of a nonlinear problem with such a singular behavior
as (1.2), especially since convergence of “reasonable” schemes towards its entropy
solution is a subtle issue. It is clear, however, that the qualitative behavior of our
estimators is the right one. Also, in the case of schemes for which the theory of this
paper can be applied, we have rigorous control of the error whether or not there is
any underlying available convergence theory. For the runs in section 4.1 one should
remark also that the test problem has only one shock, while the estimator works under
no assumptions on the number of shocks (which can be arbitrary big) or the genuine
nonlinearity of the flux function f. The rate observed for the estimator is O(h'/?)
which is known to be optimal in the general case.

In the case of second-order schemes considered in section 4.2 the estimator has
similar behavior. An important conclusion is that the estimator (3.8) is justified as a
reliable test for convergence. On the other hand, its main drawback is probably that
it cannot see the extra accuracy of a second-order scheme and it decreases still with a
rate O(h'/2). This fact is probably coming from the method of proof and it is related
to the open problem in theory of proving higher order (than O(h'/?)) estimates for
higher order schemes. (It is to be noted that most of the known results for high-order
schemes, in the general case, provide orders of convergence less than O(hl/ 2), or there
are not convergence results at all—e.g., in the case of [25] for nonconvex fluxes).
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In section 4.3 we use the estimates (2.4), (3.8) to design an adaptive code. Our
purpose is to show that it is indeed possible to gain in accuracy and to add points in
the right places by using these estimators. This is clear from the runs in section 4.3.
On the other hand it should be noted that the design of an efficient adaptive algorithm
based on the information gained by our estimates is an independent problem that we
do not claim to address in this paper. This will be the subject of further investigation.

4.1. Two Riemann problems for the modified Lax—Friedrichs scheme.
Here we consider the modified Lax—Friedrichs scheme introduced by Tadmor [36]. It
corresponds to the upper bound for the numerical viscosity coefficient in Theorem 1:

;’L b1 = % We only used regular grids for which h; = Az Vj € Z. That means in
particular that we have simply A = At/Axz. We performed a numerical test on two
Riemann problems for (4.1):

| Oforz<1

lforxz<1
(42) uo(w) =  uo(w) = lforxz>1.

T | O0forx>1"

Since the numerical scheme is proved to be endowed with a strong in-cell entropy
inequality, we are in position to use both of the estimates (2.4), (3.8). We compare
also these values with the real global L' error. The results for T = 0.4 are displayed
in Figure 4.1 for the shock and for the expansive wave. We used A = % and 16 values
for Az between Az = 0.05 and Az = 0.000276. The computational domain is the
interval [0, 2].

10 T T 10

0.001 -

0.0001 L L 0.001 L L
0.0001 0.001 0.01 0.1 0.0001 0.001 0.01 0.1

Fic. 4.1. Comparison between the error estimates (2.4) (upper dotted lines-E1), (3.8) (lower
dotted lines-E2) and the real error (solid lines-E). Left: shock wave. Right: rarefaction wave.

The solid line corresponds to the real error of the numerical scheme on the whole
computational domain. It shows a nearly first-order convergence in both cases re-
gardless of the smoothness of the exact solution. The two dotted lines display the
estimates given by (2.4), (3.8) on the same interval.

4.2. An experiment with its SOR extension. We present now some results
obtained by a second-order extension of the former Lax—Friedrichs scheme. This SOR
algorithm will be derived by means of the piecewise constant viscosity modification
introduced by Osher and Tadmor. To carry this out, we have to choose convenient
values for fI and Q;? 1 in order to use them in (1.8). One possible choice suggested
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in [32] is given by

o sen(vly —of) +sgn(v) — i)
fj = 4

xcmin {(Q7 3 = Maly )20y = o), Q) = Al )y — v}

n _ n + ]n-‘rl - f]n with Qn _ i and a” _ f(/U;’I-l-l) - f(v;l>
T o -y AT gy

These values satisfy the second-order requirement (1.10). Moreover, the numerical
solution v" will be endowed with the TVD property under the following CFL condi-

tion: %‘ < % Consequently, we will consider the following initial data

for (4.1): Hl
(4.3) up(x) = sin(wx) for x € [0, 2].

Its exact solution develops a standing shock at z = 1 and can be computed accurately
using the method of characteristics. This provides a way to compare the real global
error of the numerical scheme with the estimate (3.8). We used once again a uniform
grid and also the same range of parameters as in the preceding paragraph. The results
at time 7" = 0.4 are displayed in Figure 4.2 where the solid line represents the exact
errors and the dotted one the estimated ones. For the sake of completeness, we also
present some results before the formation of the stationary shock at time 7" = 0.15.
The second-order accuracy for this smooth solution is clearly noticeable. On the
contrary, the estimated errors for the SOR modification are extremely close to the
ones obtained for the former first-order modified Lax—Friedrichs scheme; cf. section 3,
Remark 2. In addition the contribution of the X7 terms in the estimate is indeed
very small in this case.

100
E— E—
E2 - E2 -

100

0.001

0.001 1
0.0001

0.0001 L L 1605 . .
0.0001 0001 001 01 0.0001 0.001 001 01

Fic. 4.2. Comparison between the error estimate (3.8) (dotted lines-E2) and the real error
(solid lines-E). Left: standing shock at T = 0.4. Right: smooth solution at T = 0.15.

4.3. An example of adaptive algorithm built on these estimates. As a
last illustration we present preliminary computational experiments on the inviscid
Burgers equation (4.1) with an SOR adaptive numerical scheme using as a building
block the former extension of the Lax—Friedrichs scheme. The algorithm consists of
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solving this PDE on a variable grid whose cells are denoted (K;),cz. At each time
t", the local estimate (3.8) is used to compute an upper bound of the error ey, (")
in each mesh cell. Given a certain tolerance €(t") > 0, we adjust the computational
grid in such a way that the following requirement is fulfilled:

(4.4) V7, 6%) < ex, (") < e(t™).

This is achieved by refining and derefining the grid for each time step. (The factor 20
in (4.4) is not very important. One should remark only that a factor close to 2, say,
is not the right choice. This is because if the solution has nearly “flat areas” (e.g., in
a Riemann problem) ek (") will be very small there and respecting a criterion with
a factor 2 will result in very coarse mesh. This eventually will destroy the solution.)

The test problem we considered consists of solving (4.1) associated with the fol-
lowing Lipschitz continuous initial data:

1 for =<0,
up(x)=| (1—xz) for 0<az<2
-1 for x> 2.

Its exact solution develops a stationary shock at = 1 for ¢ > 1. Everywhere else,
the solution is constant: it is therefore relevant to try to optimize the computational
grid on such a problem since it is merely in the transition zone that a higher number
of points are needed to accurately describe the solution. Consequently, we display in
Figures 4.3 and 4.4 the numerical results and the space discretization obtained at time
T = 0.8 before the formation of the shock. The CFL number is fixed A = 0.45. Then
the grid is adjusted to fulfill the requirement (4.4) for each time step 0 < ™ < T.

1 T ¥ T T T T T T
) "Num_Sol" o
“Exact_Sol" -----
0.8 -
0.6 | 2
04 | 4
0.2 —

(o]

-0.2 - -

04 4

-0.6 -

0.8 -

& 1
2 1.4 1.6 1.8 2

[

-1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Fic. 4.3. Numerical and exact solutions at time T = 0.8.

We turn now to the time 7' = 1.2 for which the stationary shock is clearly no-
ticeable on Figure 4.5. The computational grid fits quite well with the structure of
this steady-state solution; see Figure 4.6. This run was carried out using the same
parameters as the preceding one. We can display the evolution in time of the exact
error of the considered numerical scheme together with the estimated one in Figure
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0.01 |-

0.001
[0}

Fia.

0.2

0.4

0.6

0.8 1

1.2

1.4 1.6 1.8

4.4. Size of the cells in the computational grid at time T = 0.8.

0.8

0.4

0.2

T T T

"Num_Sol"
"Exact_Sol"

0.2

04

-0.6 |

0.2

0.4

0.6

0.8 1

1.2

1.4 1.8

Fic. 4.5. Numerical and exact solutions at time T = 1.2.

4.7. One can see the slight increase of the exact error in 7' = 1 which corresponds to
the shock appearance in the entropy solution.

Appendix A. Estimates on Z3.
Proof of Lemma 3. We want to estimate for k € R:

_ 1"
I3 = Z Yj+1
7m

J;

n
Yit1

n

n
/“Hl
n
Vi

sgn(v —k) | f'(v) -
sgn(v — Ic)fJ:}L
Ujr1 —

fin) = f(0f)

Vi T Yy
fr
vjn .dv
J

.dv

If k ¢ (a,b), the first integral is zero. So the desired result follows by observing that

| fv”,,:{ﬁ“ sgn(v—k)

n n
fivi—1;
no_
Vi1

z} dv| <| NJ”H — fJ"| On the contrary, if k lies in (a, b), we have
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1 T T T T T T T T T
“"Num_grid" <
<
0.1 e
<o
000 0000000
DOODOODOOD DO &
0.01 ® -
S EEEBSSERR
- a»
-
0.001 e
©
0.0001 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Fic. 4.6. Size of the cells in the computational grid at time T = 1.2.

100 T T T T T
“real_error" —o—
“estimate” -+--
10
++W
.
1E7 E
+
0.1 -
0.01 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

Fic. 4.7. History of the real and estimated errors up to time T = 1.2.

(i) b<k<a.
We can write k = 6b+ (1 — 0)a for 6 € (0,1):

/ab sen(v — k) (f’(v) _ M) dv

b—a

(ii) a < k < 0.
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In this case, we can write k = 6a + (1 — 6)b for 6 € (0, 1):

/b sen(v — k) (f’(v) - w> dv
' 70) - f(a)

= f(a) + J) = 2 (k) — ((a+ 1) — 20 D=2
— “2/(k) + f(a) + F(B) + (1 - 20)((8) - f(@)). D

Proof of Lemma 4. The goal is to get an estimate on the following term, provided
that f is convex and k € R:

oy~ [t (- L LD

; Vit1 T Y

First of all, it is useful to find the sign of fab sgn(v—=k) (f’(v) . W) dv, (a,b, k)€

R3. If k & (a,b), this integral is zero. So we look at the two other cases:
(i) b<k<a.
We can write k = 0b+ (1 — 6)a for 6 € (0,1):

/absgn(v—k)< _ bb_a )dv

= 2 (k) ~ f(a) - ) — 2k~ (a-+ ) LO =L

= 2f(k) ~ f(a) ~ F5) + (1~ 26)(F(B) ~ F(a)

< (1= 1)) + 2~ 2)f(@) ~ F(a) + (1~ 26)(0) ~ F(@)
<0.

We used Jensen’s inequality: f(6b+ (1 —0)a) < 6f(b) + (1 —0)f(a).
(ii) a < k < D.
In this case, we can write k = fa + (1 — 0)b for 6 € (0, 1):

/ab sgn(v — k) (f’(v) — 7f(b2) : g(@) dv

= fla) + )~ 26(8)  ((a + ) — 2T DI
~21(k) + £(a) + F) + (1 20)(0) - )
(

—(1=20)[f(b) = f(a)] + (1 = 20)(f(b) — f(a))

>
> 0.

So we already have that

/ab san(v — k) <f’(v) _ W) dv
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Now, since f is convex and a < k < b, the slopes are increasing:

A M~ S0~ Se) S0~ 1)

(i) We multiply (A.1) by (a + b — 2k) assuming that this quantity is positive.
We get

f(b) — f(a)
b—a

09~ f(@) (-1 4+ 1o ) <

L (a+b-20) <0 - 1) (1457 ).

b—k
So —W(a +b—2k) <[f(k)— f(a)] (1 — %), and we have by the mean-value
theorem for ¢; € [k, b], (2 € [a, K]:

f(k) = f(a)

ASIO) = ()= (b= kTS

< [F1(G) = (@I - k).
(ii) Now, if (a 4+ b — 2k) is negative, we get from (A.1)

0 - 5] (14 4% ) < L0110

(a+0-20) <[~ @] (14 71 ).

This means that

f(b) = fla) a—k
O I 4 p—oy < [0 - 50 (145 )-
Consequently, we get as before for (3 € [a, k], (4 € [k, D]
A< (@)~ (k) + (a— i) T O

< [f(G) = f(Ca)l(a — k).
Finally we have

" 2
A< frg]%[f ) [(b—a)s]”.

This completes the proof of the lemma. ]
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