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On the Convergence of Difference Approximations
to Scalar Conservation Laws*

By Stanley Osher and Eitan Tadmor

Abstract. We present a unified treatment of explicit in time, two-level, second-order
resolution (SOR), total-variation diminishing (TVD), approximations to scalar conser-
vation laws. The schemes are assumed only to have conservation form and incremental
form. We introduce a modified flux and a viscosity coefficient and obtain results in terms
of the latter. The existence of a cell entropy inequality is discussed and such an equality
for all entropies is shown to imply that the scheme is an E scheme on monotone (actu-
ally more general) data, hence at most only first-order accurate in general. Convergence
for TVD-SOR schemes approximating convex or concave conservation laws is shown by
enforcing a single discrete entropy inequality.

Introduction. Recently there has been an enormous amount of activity related
to the construction and analysis of finite-difference approximations which approxi-
mate nonlinear hyperbolic systems of conservation laws and which are supposed to
have the following properties:

(1) Limit solutions which satisfy a geometric and/or analytic entropy condition.

(2) A bound on the variation of the approximate solutions at least in the scalar
and linear systems case. This bound is such as to imply the absence of spurious
oscillations in the approximate solutions.

(3) At least second-order accuracy in regions of smoothness, except for certain
isolated points as described below.

Some examples of the successful computational consequences of this activity can
be found in the proceedings of the sixth AIAA Computational Fluid Dynamics
Conference, and elsewhere; see, e.g., the bibliography in [21].

Some of the earliest work in the design of schemes having properties (2) and
(3) above was done by Van Leer [27], [28]. There he introduced the concepts of
flux limiters and higher-order Riemann solvers. Recently, Harten [10], [11] obtained
conditions which he showed to be compatible with second-order accuracy, and which
guarantee that a scalar one-dimensional scheme is TVD, that is, total-variation
diminishing. He constructed a scheme having that property and formally extended
it to systems using a field-by-field limiter and Roe’s decomposition [22].

We would also like to mention the work of Boris and Book [1] concerning FCT
schemes. They also used flux limiters to suppress oscillations in their schemes.
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20 STANLEY OSHER AND EITAN TADMOR

Harten’s construction in [10] was done first for a fully discrete, explicit in time
approximation. P. K. Sweby [24] has investigated the properties of various limiters
in this context.

We shall use the term “high resolution scheme” to mean a formal extension to
systems via a field-by-field decomposition of a scalar, higher than first-order accu-
rate, variation diminishing scheme. These schemes do not, in general, satisfy the
entropy condition; e.g., expansion shocks exist as stable solutions of high resolution
schemes based on Roe’s (unmodified) scheme. In [20], Osher’s decomposition and
certain flux limiters were used to prove that limit solutions to a class of semidiscrete,
time continuous high resolution schemes do satisfy the entropy condition for hyper-
bolic systems of conservation laws. Convergence of other classes of semidiscrete,
time continuous, high resolution approximations to scalar convex conservation laws
was proven in [19] and [20].

A systematic recipe for constructing semidiscrete high resolution schemes whose
formal accuracy is higher than two (away from the isolated points) using a minimal
band width, was presented in [21].

In the present paper we are considering two-level, (and for simplicity only) ex-
plicit finite-difference approximations to a scalar conservative law having two prop-
erties:

(1) Lax-Wendroff conservative form [15], and

(2) Roe’s incremental form [22].

In Section 1 we introduce a modified flux and a viscosity coefficient, both grid-
dependent quantities, with which we set up and advocate a third form of these
schemes, the viscosity form. A sufficient TVD criterion is then presented in terms
of this form.

In Section 2 we consider schemes which have a 3-point stencil. In this case the
modified flux coincides with the original (differential equation’s) flux; accuracy is
consequently limited to first order.

Thus, in Section 3, we consider wider stencils. A comprehensive framework
of second-order resolution (SOR), total-variation diminishing (TVD) schemes is
presented. The viscous form of the scheme again plays a key role here.

Two concrete examples for the construction of SOR-TVD schemes according to
the above guidelines are detailed in Section 4; both approaches use the viscous form
of the underlying 3-point TVD schemes. Special attention is called to the second
(“piecewise constant viscosity modification”) recipe in Corollary 4.9, which results
in an easily implemented and highly attractive two-step formulation.

These four sections comprise Part I. In our attempt at a unified treatment of
this subject, we derived (and in some cases rederived) some notable conclusions:

(i) Three-point TVD schemes are, at most, first-order accurate.

(ii) Accuracy at nonsonic critical points is limited to first order.

(ili) Our piecewise linear flux correction (Theorem 4.3) extends Harten’s recipe
(10], under a CFL of limitation 2/3, (Remark 4.10), in agreement with that found
by Sweby in [24].

(iv) Our recipe for converting three-point TVD schemes to five-point SOR-TVD
schemes seems quite general and attractive from both a computational and a the-
oretical point of view. The latter point of view will be used in Part II.
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The discussion concerning a cell entropy inequality begins in Section 5, using
the canonical Godunov scheme. Section 6 contains the heart of our discussion. The
grid-dependent modified flux of Section 1 is extended to a modified flux function
defined on the intervals connecting the grid values. The definition involves a piece-
wise linear function (i.e., the “double wing” seen in Figures 6.4) and the remark
made after the statement of Theorem 6.11, which takes into account the presence
or absence of critical points.

The schemes under consideration are then expressed as convex combinations of
Riemann problem solvers, i.e., of Godunov-type schemes, using the above modified
flux functions. We obtain an entropy in cell inequality involving a familiar (integral)
residual term.

Section 7 discusses the significance of E fluxes (introduced in [18], cf. also [26]).
We show that for any approximate entropy in cell inequality to be valid for all
intervals, the underlying scheme must have an E flux, hence be at most first-order
accurate (Remark 7.2). Conversely, the existence of an E flux implies the nonpos-
itivity of the residual term mentioned above, hence implies a general cell entropy
inequality. To obtain convergence for SOR schemes, we give up the requirement
that all discrete entropy inequalities be valid. This limits our convergence proof to
convex (or concave) conservation laws, as in [19], [20].

In Section 8 we treat SOR-TVD schemes satisfying a single quadratic cell entropy
inequality. Here we use the viscosity modification recipe of Section 4. A cell entropy
inequality follows by estimating the residual integral presented in Section 6. The
rather delicate tuning of the modified flux so as to comply with the three criteria
SOR, TVD, and entropy inequality, leads us to a wide class of explicit in time
SOR-TVD schemes (again only for the convex or concave scalar case).

The main convergence results are contained in Theorems 8.4 and 8.5.

PART I. TOTAL- VARIATION DIMINISHING SCHEMES

1. The Modified Flux and the Numerical Viscosity Coefficient. We
study two-step difference schemes of the form

(1‘1) 'U,,(t+k) =H(UV—P(t)a'“avv+p(t);fv ’\),
serving as consistent approximations to the scalar conservation law
ou of
1.2 —+==0.
(12) ot + oz

Here, v,(t) = v(z,,t) denotes the approximation value at the grid point (z, =
vAz,t), k= At and Az are, respectively, the temporal and spatial mesh size with
fixed mesh ratio A = k/Az, and p a natural number.

We postulate

Assumption 1.1. (i) The scheme (1.1) admits a conservative form in the sense of
Lax-Wendroff [15],

(13) H(’Uy_p, co oy Uugps f, /\) =V — A(hu+1/2 - hu—1/2)a

where h,, ./, stands for the Lipschitz continuous numerical fluz

hu+1/2 = h(Vy—p+1y-- - Vuaps L A),
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consistent with the differential one,
h(w,w,...,w; f,A) = f(w).
(i) The scheme (1.1) can also be written in an ¢ncremental form
(1.4) HWy—py...,V4p; [A) =0, +C +1/2Av,,+1/2 C;_1/2Av,,_1/2,
where we use the standard notation
Avu+1/2 =Up+1 — Uy
Equating the right-hand sides of (1.3) and (1.4), rearranging and dividing by A, we
find

(1.5a) hu+l/2 + /\C,,+1/2Avu+1/2 = hu—1/2 + /\C,,_l/zAvu—l/‘L’-

We term the equated grid-dependent quantities in (1.5a) as the modified fluz asso-
ciated with scheme (1.1):

gv = hu:i:l/2 + /\Cuil/gAUu:tlﬂ
(1.5b)
= 5 [hu—1/2 + hu+1/2 + /\C,,_l/2A’Uu-1/2 + /\C,,+1/2Avu+l/2 .
As in [25, Section 2], we now use the consistency relation
Agyi1/2

1.6a C ct
(1.62) Avyyy/2

v+1/2 ~ Yor1/2 T A

to conclude that with a given modified fluz, g,, there is only one degree of freedom
in setting up the recipe of the difference scheme (1.1): This will be manifested in
terms of the quantity,

Indeed, by averaging (1.3) and (1.4) we find

A
v (t+k)=v,(t) - 3 (Ry+1/2 — hu—1/2)

1
+ ) (C:+1/2AUV+1/2 -G +1/2A”v 1/2)

adding and subtracting 2( 1 /2Av,,+1 J2 — C;"_l /2Av,,_1 J2) on the right-hand
side, we arrive at

A
’Uy(t + k) = 'Uu(t) e 5 [(hu+l/2 + )\CV+1/2A’U,,+1/2>

- (hu—l/2 + /\Cu_1/2Avu—1/2):|

2 [(C"+1/2 + CV+1/2) Avys1/2 ~ (C;—l/z +Cy. 1/2) Av,_ 1/2]

In view of (1.5b) and (1.6b), the scheme (1.1) is thus finally recast into its viscous
form

(1.7a) v (t+ k) =v,(t) - %(gu+1 —gv—1) + % [A(Qu-1/28v,—1/2(1))],
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expressed in terms of the numerical viscosity coefficient [10], [26]

o + 49t — 2k
(1.7b) Qui12=Clp1a+ 01 p =2 Avyya/ ‘

Let TV[v(¢)] = ¥, [vu+1(t) — v (t)| denote the total variation of the computed
solution at time level ¢; the following lemma provides us with a sufficient criterion
for the scheme (1.1) to be total-variation diminishing (TVD), in the spirit of [10].

LEMMA 1.2. (Total-variation diminishing.) The scheme (1.1) has a diminish-
ing total variation,

TV[v(t + k)] < TV[v(?)],
provided its numerical viscosity coefficient Q, 41/ satisfies

Agy /2

1.8 A
(18) Avyiyy2

< Qu+1/2 <L

Proof. By averaging (1.6a) and (1.6b) we find
1 Agyi1
+ - +1/2
(1'9) Cy+1/2 = 5 (Qu+1/2 F )\A‘U:_H/Q) .

In view of these last relations, the inequalities (1.8) boil down to

(110) C;'—+1/2 > Oa ;+1/2 2 0’ 1- CV_+1/2 - Cj—i—l/? 20,

and TVD follows along the lines of [10]. O

2. Three-Point TVD Schemes. In the case of 3-point schemes, p = 1, it was
shown in [25, Lemma 2.1] that there exists one and only one incremental form (1.4)
whose incremental coefficients are

Afu - hu+1/2, o- Afl/-l-l - hu+1/2.

2.1 ct =
(21) Avyy1)s w+1/3 Avytays

v+1/2 =

Inserted into (1.5b) we find that the modified flux in this case coincides with the
original one, g, = f,, and the scheme is therefore completely determined by its
numerical viscosity coefficient, Q,1/2,

(22 wlt+8)=0ult) = 5 Uurr = fomr) + 5 [A@uorjpBonaya)].

Abbreviating a(w) = df (w)/dw, the following notation will be used throughout:

A
B—fﬁ—l/g if Avypa/2 #0,
Vy+1/2
(2.3) Ay41/2 = vy + v
a (—V—-—2——V+—l) if Av,,+1/2 =0.

The TVD constraint (1.8) now reads

(2.4) Mayyi1/2] £ Quyry2 L1,
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and the following list quotes the schemes in this 3-point TVD category most fre-
quently referred to [6], [7], [16], [22]:

(2.5a) Qty 2 =1 (Lax-Friedrichs scheme),
Vo+1
(2.5b) QEQ, 2= X / la(v)|[dv  (Engquist-Osher scheme),
AUu+1/2 v,
+ fo+1 = 2f(v)
2.5 Si1p=2 fvtfo God heme),
(2.5¢)  QUt1y2 vy X o Avorirs (Godunov scheme)
(2.5d) QX 2 = A lavt1/2] (Roe-Murman scheme).

In fact, in the special case under consideration of 3-point schemes, condition (2.4) is
necessary as well as sufficient for TVD; see [25, Corollary 2.3]. Hence, the following
3-point schemes are not TVD ones:

(2.6a) - 2 = (i1 /2)2 (Lax-Wendroff scheme),
(2.6b) Qrv1/2=0 (forward Euler scheme).

A special significance is attached to the Lax-Wendroff scheme

(2.7) v (t+ k) = Uu(t) - %(fu+1 = fo41) + % [A (()\au—l/2)2Avu—l/2)] )

when seeking second-order accurate schemes, the further limitation placed on
Qu+1/2 in the 3-point case singles out the Lax-Wendroff choice, (2.6a). In view
of the above, we therefore conclude that 3-point TVD schemes are at most first-
order accurate [10], [18], [25].

At this point we are widening our discussion to include schemes whose stencil
occupies more than three points: The further freedom in setting up the modified
flux g, in this case will enable us to achieve higher (than one) degree of accuracy.

3. Second-Order Resolution Schemes. We start by rewriting the modified
flux, g, in terms of the correction g, to the original one,

1.
(3.1) g =fu+ ng-

Inserted into (1.7a), our scheme now reads
A 1. 1.
v(t+k)=0v,(t) - 3 [(fu+1 + Xgu+l) - (fu—l + Xgu—l>]
1
(32) + 5 [A(Qu—l/2AUV—1/2)]

A 1
= o(t) = 5(fot1 = fo-1) + 3 [A(Qu-1/28v,-1/2)]
where Q,, 11/ stands for the modified viscosity coefficient given by

_ §u+§u+l _ fv+fu+l _2hu+1/2
(3.3) Qu+1/2 = Qut1/2 Ropern - A [ Avyrife ] .
In other words, we rewrite our scheme with respect to the original fluz, f,, modifying
the viscosity coefficient instead.

Remark 3.1. The viscosity coefficient discussed in [10] corresponds to the modi-
fied one in (3.3); indeed, in the 3-point case treated in [25], where §, = Mg, — f,) =
0, it coincides with (regular) viscosity in (1.7b).
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Comparison of (3.2) and the Lax-Wendroff scheme (2.7) leads us to the following
second-order accuracy requirement:

_ gv + Gu+1 2/ 2
3.4a = — =T =)Xa ;
(3.4a) Qui1/2 = Quy1)2 Avyi1)2 (@*)v41/2

the deliberately vague notation of A%(a?),41/2 on the right stands for QLW /2=
A%(ay+1/2)? modulo first-order errors, i.e.,

(34b) )\2((1,2),,+1/2 = /\2(a,,+1/2)2 + 0(!Av|),,+1/2.

Together with the TVD constraint (1.8), we finally arrive at a general description
of second-order TVD schemes, which is summarized in the following

LEMMA 3.2. (Second-order TVD schemes.) Consider the difference scheme
(1.1) written in its viscous form

A 1
(3.5a) v (t+ k) =v,(t) — i(gu+1 —gv—1)+ ) [A(Qu—1/2AUu—l/2)] ,
with modified fluz, g,, and viscosity coefficient, Q,11/2, given respectively by
1.
(3.5b) g =f+ Xgua
(3-5¢) Quii/2 = )\2(02)u+1/2 + m
Avu+1/2

The scheme (3.5) is second-order TVD, provided the correction terms §, and
A%(a?)y41/2 on the right-hand side of (3.5b—c) satisfy the following two require-
ments of

(i) second-order accuracy:

(3.6a) )\2(02)u+1/2 = (/\au+1/2)2 + O(|Av])y+1/2;
(ii) total-variation diminishing:

A.au+ 1/2
Avyyy /2

gu + §u+l

3.6b Aa +
( ) v+1/2 Avy41/2

<A (@?)yt12 + <L

As we shall see below, one cannot satisfy both requirements (3.6a) and (3.6b)
at the nonsonic critical grid values v, where Av,_y/3 - Av,t1/2 < 0 # a(vy),
and, therefore, second-order accuracy must be given up at these values. Difference
schemes with (formal) second-order accuracy at all but those critical grid values are
classified as having second-order resolution, after Harten [10]. Thanks to the TVD
property, no new such first-order accurate critical grid values are added during
the computation (since the scheme is monotonicity-preserving [10], [25]), and the
overall second-order accuracy does not seem to be degraded in this case, at least in
the Ll-norm.

There are various approaches to the construction of second-order resolution (ab-
breviated hereafter SOR) schemes, the main three of which are the following:

(i) The MUSCL approach [27], [19] directly modifies the first-order numerical
fluz, hyy1/3, using a Godunov-like solver for a limited slope piecewise linear grid
data.
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(ii) The modified equation approach [10], [11] directly modifies the fluz f(v,),
based on considerations of the modified equation associated with a first-order
scheme, so that the limited modified flux constructed guarantees second-order TVD
resolution.

(i) The fluz limiter approach [24] directly modifies the first-order incremen-
tal coefficients, Cff_,_l /2 using a class of flux limiters which preserve TVD and
maintain second-order resolution; in particular, such flux limiters can be chosen to
interpret MUSCL and modified flux-type schemes due to Van Leer, Roe, Harten,
Chakravarthy, Osher, and others; see [24].

All the above approaches can be entertained, of course, within the general frame-
work provided in Lemma 3.2. A common “limiting” feature shared by all of these
approaches can be directly derived from the TVD constraints in that lemma: The
grid values g, in (3.5) are expected to form a first-order “smooth” grid function
correction, at least at the generic noncritical zones; since A%(a?),; /2 is deter-
mined up to first-order perturbations, see (3.6a), we can absorb such a perturba-
tion, £Agy41/2/Avu41/2 = O(|Av|,41/2), into the middle term of (3.6b), and the
right-hand inequality now reads

v

— <1.
Avu+1/2

(3.72) 22(a2)y41/2 ﬁuzﬁi/2 <1, A(a?)p1/2+2
v

The left-hand inequality in (3.6b) gives us

gy -
Adyy1/2 — )‘2(a2)u+1/2 20—,
Av
(37b) §u+l/2
—)a - \2(a? <g-=vtl
v+1/2 ( )u+1/? = Avu+l/2

We shift indices in the first and fourth inequalities in (3.7). The resulting inequal-
ities boil down to the following inequality to be satisfied by TVD schemes:

(3.7¢) %(i)‘auilﬂ = 2(a%)y112) < ﬁl—/g < %(1 - X%(a?)y11/2)-
Hence, §,/Av,41/2 must lie between the above two bounds, both determined up
to first-order perturbations. In particular, in view of the second-order accuracy
requirement in (3.6a), the sign of the parenthesis of the left of (3.7¢) is determined
- by that of the first term *Aa, 11 /2; further, if we are at a nonsonic value, a(v,) # 0,
then this first term cannot be absorbed as a first-order perturbation of the second
one, and (3.7c) requires the middle terms g, /Av, 41,2 to be positive. This implies
that the second-order accuracy must be given up at the nonsonic critical values v,
where Av,_y /3 - Av,11/2 < 0 # a(vy), [25], [20].

We now describe two specific recipes which convert arbitrary 3-point TVD
schemes into second-order resolution ones, in the spirit of the above guidelines.
Indeed, although the reasoning may be different, the various “conversion” recipes,
including the two below, end up with difference schemes which bear close similari-
ties to each other, as dictated by the framework provided in Lemma 3.2.

4. Two Recipes for the Construction of SOR-TVD Schemes. We start
by identifying a 3-point scheme by its numerical viscosity coefficient Q, 412 =
Q(f;vy,vp41,A); it is considered here as a functional in the original flux f(-) with
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the further dependence on the grid values v,,v,+1 and the mesh ratio A. In view
of the necessity of the TVD constraint on the left of (2.4), we may assume without
loss of generality that the following functional inequality is obeyed:

z(wz) — z(w1)

41
(4.1) M ws —ws

< Q(z; w1, wa, A).

Thus, the TVD requirement is reduced in this case to the CFL-like condition given
on the right of (2.4),

(4.2) Qut1/2(f) =Q(f;vp,v041,A) S 1.

Remark 4.1. The above description seems to exclude several difference schemes,
where it is actually the inequality on the left of (2.4), A|Af,11/2/Avy41/2] <
Qu+1/2(f), which leads to the CFL limitation, as in the case, for example, of the
Lax-Friedrichs scheme (2.5a) with Q[ , = 1. Together with the TVD constraint
(2.4), however, the Lax-Friedrichs scheme, for example, can be equivalently repre-
sented by a numerical viscosity coefficient Q, 41/2 = Max(1, A\|Af,4+1/2|/|Avy41/2])
which fits into our above interpretation. In general, an expansion of Q(-;-,-, ) in
powers of ) is called for, but we shall not elaborate on that here.

To construct an SOR-TVD scheme, the two first-order correction terms g, and
A%(a?),41/2 are to be determined; see (3.5). Taking advantage of relation (3.5c),
we shall also make use of the further (first-order) flexibility in determining the

viscosity coefficient, Q59T

Let us denote
(4.3a) sy = %(SV—I/Z +Su+1/2)y  Su+1/2 =8gn(Av,41/2),
and, in view of (3.7¢), set the flux correction to be
(4.30) § = FMin([Qua1/2(f) = N (@)uaya] - |Bvuaal).
Here, the term A%(a?),41/2 is chosen so that

(4.3¢c) /\Z(az)u+1/2 = (/\¢1u+1/2)2 + O(IAUI)V+1/2a /\2(‘12)u+1/2 < Qu+1/2(f)

with otherwise arbitrary first-order perturbation O(|Av|),+1/2. The modified flux
is then given by

(4'3d) g = f('vu) + %gua

and we are considering the difference scheme whose viscous form is expressed in
terms of that modified flux,

A 1
(4.3¢) vu(t+k) = v(t) = 5(gu+1 = gu-1) + E[A(Q§9¥/2Avu-1/2)]~
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We have

THEOREM 4.2. The difference scheme (4.3) 1s SOR-TVD provided its viscosity
coefficient, le,gl}ﬂ, satisfies

Ag
(4.42) Mayi172 + ﬁ <9<,
(4.4b) Q592 — Qua1/2(f) = O(|AV])yt1/2.

Remark. We note that the definition of (a2),1/, in (4.3c) still allows the flexi-
bility of (some limited amount of) first-order perturbation, as long as Q, 4+1/2(f) —
A(a?), 41 /2 remains nonnegative; the latter guarantees that the sign of g, agrees
with Svt1/2-

Proof. The first condition, (4.4a) is nothing but the TVD requirement (3.6b);
consult (1.8). Away from the critical values where s, = 0, (4.4b) implies second-
order accuracy; consult (3.4),

sor _ Gvti
Qe — Kot = @ = Qus1/alf) = X2(@saal + 0By
v

= (@2 — Qur1/2(N] + X (av41/2)* + O(|A0])y 1172
= /\2(¢1u+1/2)2 +O(|Av|)y41/2- O

Two concrete choices for SOR viscosity will now be discussed.
As a building block for the first, we introduce the piecewise linear flux correction

Agu+ 1/2 ('U
Avyi1y2

and use the original 3-point viscosity functional, setting

1,
(4.5b) Q9% = @ (00 + FsayahvirverA)

(4°53‘) §u+l/2(v) = - 'UV) + Gv

Lipschitz continuity of the viscosity functional implies!

QI - Qu+l/2(f)| <L

AGyt1/2

4.6 )
( ) A'U,,+ 1/2

and we end up with

THEOREM 4.3. (Piecewise linear flur modification.) The difference scheme
(4.3), (4.5) i3 SOR-TVD under the CFL-like condition

(4.7) Qut1/2(f) < 2 +L

Proof. The SOR requirement in (4.4b) is fulfilled because of (4.6), whose right-
hand side is of order (O|Av]),+1/2; the TVD requirement on the left of (4.4a)
follows from (4.1), and we are left with the inequality on the right, requiring

(4.8) Q2 <

1To be precise, the constant L stands for the Lipschitz constant times the (assumed finite)
maximal bound of the ratios |Q(Gy+1/2(); Vv, vp+1, M/1AGy 4172/ Bvyy1/2]-
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Indeed, in view of (4.6) we have

Agu+ 1/2
Avyiyy2

bl

(4.92) Q2 < Quira(N) +L
since §,+1 and §, cannot have different signs by the choice of s, in (4.3a), we also
find

Agyt1/2
Avyt1/2

< Max(|gu |, |gv+1]) < %[Qu-{-l/?(f) - 22(a®)y41/2)-

4.9b
(4.95) T |Avugy|

The last two inequalities yield the crude bound
L
Q2 < Quira(f) + 5[Qu+1/2(f) - 2%(a?)y41/2]

< (1+3) Q.

and augmented with the assumed CFL-like condition (4.7), the TVD constraint
(4.8) is now satisfied. O

Remark 4.4. With the primary examples of Engquist-Osher, Godunov and Roe-
Murman schemes in (2.5b—d), the Lipschitz constant L in (4.6) may be taken to be
L =1, and the CFL limit in (4.7) is found to equal (compare, e.g., [24, Section 3])

(4.11) Qu+1/2(f) < 2/3.

(Taking into account the negative term —A2?(a?),4/ which was ignored in the
crude bound of (4.10), the CFL limit may be further improved to be

22(q2 v
(4.12) Quarya(f) < XX ez

Remark 4.5. In the case of the Lax-Friedrichs scheme, where Q¥ /, = 1 violates

(4.11), we may take L to be zero, which leaves us with the original 3-point CFL
limitation

(4.13) Alay41/2| < 1.

(4.10)

Remark 4.6. Consider the special choice (a2),41/2 = (@,+1/2)? in (4.3b), which
is admissible in view of (2.4). The piecewise linear flux modification in Theorem
4.3 extends Harten’s recipe [10], which was restricted to viscosity functions of the
form Qu41/2 = Q(Alay41/2|); (hence, the Engquist-Osher and Godunov schemes,
for example, were excluded from the discussion [10]).

We now turn to a second more attractive choice of SOR. viscosity, inspired by
Theorem 4.2 (see also [10, p. 368]). Here, we use a piecewise constant viscosity
modification of the form

SOR _ Afut1/2
(4.14) Qot1y2 = Qu1/2(f) + Bvyrisa

)

which leads to

THEOREM 4.7. (Piecewise constant viscosity modification.) The difference
scheme (4.3), (4.14) is SOR-TVD under the CFL-like condition

(4.15) Qut1/2(f) £2/3.
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Proof. The SOR requirement in (4.4b) is directly verified by the very definition
of @SOR_ in (4.14); the TVD requirement on the left of (4.4a) follows from (4.1),

v+1/2
f('Uu+1) — f(vu)

Vp41 — Uy

Agyy1/2
Avyy1/2

A
(4.16)  |Aayy1/2+ Ag"“/ 2

<A + <%

Vy+1/2

and we are left with the inequality on the right, requiring

(4.17) QM. <1

Indeed, the same estimate used in Theorem 4.3 before, see (4.9b), together with
the definition of QSQY,, (4.14), gives us the pessimistic bound

(4.18) Q.S,?.l}/z < Qui1y2(f) + %[Qu+1/2(f) = A%(a%)y412) < gQu+l/2(f)y

and (4.17) follows in view of the assumed CFL-like condition (4.15). O

Remark 4.8. As before, by improving the crude bound of (4.18), the CFL-limit
may be improved to be that of (4.12).

We note that the piecewise constant viscosity modification involves linear cor-
rections of the numerical flux f, in (4.3d) and the viscosity coefficient in (4.14);
both are appearing linearly in the original 3-point scheme we are starting with;
see (2.2). Hence, the resulting modification recipe does not change the underlying
3-point TVD code, but, rather, adds to it an antidiffusive term which boils down to

A’vu+1/2)> .

To make our point more precise, we state as our final result of this first part, the
following

Agyy1/2

1, - 1
419 G =)+ g (o (|

COROLLARY 4.9. (Piecewise constant viscosity modification—revisited.) Con-
sider the 3-point scheme

(4-203) 'Uu(t + k) = H(vu—ly Vu, Vut1; S, A) =V — )‘(hu+l/2 - hu—1/2)
and assume the TVD-like constraint, compare (2.4),

/\fu + fo+1 = 2hy41)2

(4200) Navsaol S Qurpalf) S 30 Quansalf) =

A‘Uu+1/2
holds. Then the modified scheme
v (t+ k) = H(vy—1,%, V0415 f,A)

(4.21a) (A§u+1/2 ) - (Agu—l/2 )+

-] Av +{——=) Av,_

Avu+l/2 v+1/2 A'Uu—l/z v—1/2
18 SOR-TVD. Here, §, s the fluz correction, given by
o S .

(4.21b) g = 7"Mln ([Quzi/2(f) = A%(a®)ux1/2] - [Avy21/2]),

where

(4.21c) /\2(02)u+1/2 =2 (ay41/2)? + O(1AY))u11/2 £ Quiry2(f).
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Alternatively, we can rewrite (4.21a) in the conservative form

vu(t + k) = H(vu—l,vuavu+l; f, /\) - [;lu+1/2 - ;"u—l/2]

1: 1-
=v,(t) - A [(hu+l/2 + Xhu+1/2) - (hu—l/z + Xhu—l/2):l .

Here hy11/2 18 the numerical flux correction given by

(4.22a)

- 1. . . .
(4.22b) hu+1/2 = §[gu +0v+1 — 3u+1/2|9u+1 - a0l

Remark 4.10. The Lax-Friedrichs scheme violates the CFL limitation (4.20b).
Nonetheless, an “antidiffusive” modification follows in this case directly from the
flux modification of Theorem 4.3, with numerical flux correction fzfl‘il 2 =
%(gu + §u+1 )

Remark 4.11. The conservative form of scheme (4.22) is identical with the correc-
tive type of Harten’s artificial compression method [8], [9], the difference lying, of
course, in the exact details of the flux correction used. In particular, we have an op-
erator splitting which could be easily implemented as a two-step predictor-corrector
method [8, Section 6].

PART II. ON A CELL ENTROPY INEQUALITY

5. Godunov’s Scheme and Its Cell Entropy Inequality. An entropy pair
(U, F) associated with the conservative model (1.2) consists of a convez entropy
function, U(-), augmented with an entropy fluz, F(-), such that U'f’ = F'. The
requirement of having an entropy inequality of the form

ou oF
3¢ (U(@:1)) + 5= (u(z,1)) < 0
for all entropy pairs singles out the unique physically relevant (weak) solution of
(1.2); e.g., [13], [14]. Accordingly, we are seeking conditions which guarantee that
the difference scheme (1.1) will satisfy a cell entropy inequality of the form [12]

(5.2a) Uvu(t +k)) U(vu(t) = AM(Fuy1/2 — Fum1/2)s

here, F,,11/2 = F(Vy—g41,---,Vu4q; f5A) is a numerical entropy flux, assumed to
be consistent with the differential one?

(5.2b) F(w,w,...,w; f,\) = F(w).

If this holds for a wide enough class of entropy functions, the cell entropy inequalities
(5.2) will guarantee the uniqueness of limits of all converging subsequences of the
total-variation bounded solutions, and there follows the convergence of the whole
computed sequence to the unique physically relevant (weak) solution; e.g., [3], [12],
[18], 23], [26].

As an example, we begin with the all-important cell entropy inequality associated
with Godunov’s scheme: By averaging two Riemann solvers, one obtains Godunov’s
scheme, whose numerical flux is given by [17], [18]

(5.1)

h9+1/2 =Su+1/2 [su+1/2f ()],

Min
v—v,) (V—vu41)<0

(5.3)
Svut1/2 = Sgn(A’Uu+1/2)~

2Both the differential and the numerical entropy fluxes are denoted by F; the distinction is
made by the number of arguments.
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Assuming that the minimum on the right-hand side is attained at a (not necessarily
unigue) value v3, | » = v¢ (v, vu41, f),

: — £(,G
(5.4a) Sv+1/2 (v_vu).{\gl_gyﬂ)<0[3u+1/2f(v)] = f(voy1/2)

then the Godunov scheme
(5.4Db) v(t+ k) =HG(v,,_1,v,,,v,,+1;f, A)
boils down to

(5'4C) HG(vu—lavmvu+1§ f, /\) =V — )‘[f(vg+l/2) - f(vg—l/2)]'

Integrating over a typical cell the differential entropy inequality (5.1), Jensen’s
inequality yields the following well-known lemma,; e.g., [3], [18], [26].

LEMMA 5.1. (Cell entropy inequality of Godunov scheme.) Consider the Go-
dunov scheme (5.4) satisfying the CFL condition

(5.5a) AMax |f'(v)] < 1.3

Then the following cell entropy inequality holds,

(5:50)  UMH® (Wom1,00, 00115 £, )] SU) = AF(0341/5) = Flugy )],
for all entropy pairs (U, F). Equivalently, (5.5b) can be rewritten as

vy /2
(6:5) Ut v v S SU@) =4 [ 0 w) ) dw.
”5—1/2
As in [26], the cell entropy inequality associated with the Godunov scheme will
be used as a building block for studying such an inequality in conjunction with
other TVD schemes. To this end, we shall make use of a modified flux function
introduced below.

6. The Modified Flux Function. While studying total-variation diminish-
ing schemes, only the modified flux grid values, g,, played a role; see the TVD
requirement, (1.8). Subsequently, a simple piecewise linear modified flux correc-
tion, §,41/2(v), was introduced in (4.5a), in connection with the (first) recipe of
SOR-TVD schemes.

Regarding the question of a cell entropy inequality which we now consider, a more
sophisticated construction of a modified fluz function is required: Let g(*+1/2)(v)
denote its restriction to the I, /o-interval, I, 11/2 = {v| (v — v, )(v — vy41) < 0}.
The piecewise linear function g(*+1/2)(v) connects the modified flux grid values g,
and g,4+; on both ends of the interval, through a constant numerical flux value,
hy+1/2; it depends on two yet to be determined parameters (s*,s™), s* >0, in
the following fashion:

Setting the intermediate values

1
(6.1a) v;"+1/2 = v;"+1/2(s+) =v, + 8_+(gu = hut1/2)s

_ _ _ 1
(6.1b) Vyt1/2 = ”u+1/2(3 ) =Vu41 — s—_(9u+1 —hyy1/2)s

3The maximum is taken over all values v varying between v, —1, vy, and vy 41.
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we define, depending on whether v, < v 41 or vp4+1 < vy,

o gy — st (v—1u,), ”:<”<”u+1/2
(6 lc) g(l/+ / )(v; s+’s_) = hll+l/2, v +1/2 < v < 'UV+1/2 ,
| Jv+1 + 87 (v —vy41), ,,+1/2 SV < Uyt
vy < Upti,
[gu11+ 57 (v—v41), V41 <UL v,,+1/2
1/2) ¢, -\ =
(6.1d) g(""‘ / )(U, §t,87) = hyt1/2, u+1/2 Svs ”u+1/2 )
[ 90 — T (v —w), ++1/2 <v<uo,.
Vy+1 < Uy
We have

LEMMA 6.1. Assume the TVD condition, (1.8), holds:

Agy 41 /2

6.2a A
(6.22) Avy /2

<Quy12< L.

Then g(*+1/2)(v;s1,57), given in (6.1) and satisfying

(6.2b) Qui12 < At <1,

13 a well-defined piecewise linear function in the I, /2 interval.
Verification. In view of (6.2a) we have, consult (1.10),

ct >0,

v+1/2 u+1/2 20, Quy12=0C v+1/2 +C;. v+1/2 = <1,

while the definition of g, in (1.5b) yields
1 1
(6.3a) v;"+1/2 =, + s—+(gu - h,,+1/2) =v, + ,\FC:+1/2AU"+1/2’

_ 1 1
(6:3b) v, 11/ = Vuhr = = (Gut1 — hutrsa) = Vuts = 5 =Cliy s AV 12
Consider first the case where v, < v,4+1: Then by (6.2b), vu +1/2 is located to the
left of vy+1/2,

_ 1 _
Vysr/2 ~ u+1/2 2 Avyy1/2 — Qu_+1/—2(0"+1/2 +C +1/2)A”v+1/2 =0,
and to the right of v,,

”;r+1/2 — W= /\‘,%C:+1/2A"’v+1/2 20.
Taking into account the positivity of the incremental coefficients Cf_,_l /2 the follow-
ing graph of ¢g(*+1/2)(y;st,s™) is obtained in this case; see Figure (6.4a). A com-
pletely analogous situation occurs when v,4; < v,, where the graph of g(*+1/2)(v)
takes the form of Figure (6.4b).
Our next lemma is in the heart of the matter.
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1 _+ _ 1 -
* x Cv+ 1 Avv+ Yy Eysp T h\H' I X Cv+ I bvys iy
h\l+ 1/2
A I .,
pAS]
1 c+ A - - 1 ¢
F vy Bl Yorlp T Ve ;_s—: vty By
FIGURE 6.4a
g
3
By,
=h s v = h +Lct v
|5v+1 v+ 1 N 1 vt 1 gy vl TIX Mty v+ 1/2
4 — v
f [ |
Vy+l . Yy
- _ o1 - + _ 1A
Yorln T Vo re Corly BVur )y Vorlp T Yy T NG Corlpy Mot lpy
FIGURE 6.4b
LEMMA 6.2. Assume the TVD condition, compare (1.8),
A
(6.5)+ Py peiE2 T P Quz12 <0<1
Avyt1/2

holds. Then we have
HC[oy, v, 004150/ (s = 57 = 0471),071)]

(6.6a) -
=v, -0 1)\[hu+1/2 - gu]a

HG[v,,_l,'v,,,vu;g("—l/z)(s+ =s" =0A71),071)
=0, — 07 Ngy — hy_1/2).

Proof. We first note that according to Lemma 6.1, g(**1/2)(st = s~ = A1)
are well defined: (6.5)+ yields
Agyt1/2
Avytyy2
By definition we have, see (5.4c),
HC[v,,0,,0,41; g%/ (st =57 =0271),071)]

=V — 0-1’\[g(u+1/2)(”9+1/2) — gt/ ()]s

(6.6b)

A <Qui1z SAsT=0<1.

(6.7a)
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a straightfoward computation gives, see (5.4a),
(6.7b) g Ut WS, 5) = sut1/2 Il.ﬁixr/lz[su+1/2g("+l/ ()] = hyt1/2,

while consistency implies
(6-7C) g(u+l/2) (v) = gu,

and (6.6a) follows. Similar arguments apply for (6.6b). O

Remark 6.3. Godunov’s numerical flux is determined by the differential one,
computed at the intermediate value ”9+1 /25 see (5.4a). In our case, (6.7b), any
intermediate value between v:' +1/2 and v, /2 can be taken: For later purposes,
we shall choose in particular

1 _ - - _
”9+1/2(0) = 5["’:-+1/2(3+ =027 + Vyr1/2(87 = 0A 8]

vy v A
= VTV-H - %(gu+1 - gu)'

(6.8)

Taking # = 1/2 in Lemma 6.2 and averaging (6.6a) and (6.6b), we finally arrive at

THEOREM 6.4. Consider the difference scheme (1.1) given in its viscous form
(1.7a) and satisfying the TVD condition

Aguil/Z

6.9 A
( ) Avui 1/2

<Quti2 <1/2.

We then have

v(t+k)= % [HG [vv—la”w”";g(u_l/z) (s"‘ == %) ’2/\]

+HC ['Uu,'vu,'vu+l;g(u+l/2) (s+ =5 = %) ,2A]] .

(6.10)

In other words, we have shown that any TVD satisfying difference scheme, (1.7a),
(6.9), is given as an average of two Godunov solvers, thus refining a similar (con-
vex) decomposition introduced in [26, Theorem 5.1]; the current decomposition
differs, however, in its use of a modified flux function, rather than using the orig-
inal differential one. In fact, away from the critical extremum values v, where
Av,_1/2 - Av, 4172 <0, we can do even better: Under appropriate TVD condition,
any difference scheme coincides with one (rather than the average of two) Godunov
solver. This is the content of our next

THEOREM 6.5. Consider the difference scheme (1.1) given in its viscous form
(1.7a) and satisfying the TVD condition

Agyt1/2

6.11 A
( ) Avl/:i:l/2

<Qut12 <1

Then, in the neighborhood of noncritical values v, such that Av,_1/2-Avy41/2 20,
we have

1
(6.12a) v, (t+k) = HC [v,,_l,v,,,v,,+1; g (.s"’ =3 = X) ,/\] .
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Remark 6.6. The modified flux function g(v) = g(v;s*, s~) appearing in (6.12a)
is uniquely defined in this case, composed of its restriction to the consecutive inter-
vals I, 11/2; see Figures (6.13),

1
gv=1/2) (v; st=s"= X) , vEIl,_ 1),

1
g(V+l/2) ('U,S+ =8 = X) f vV E IV+1/2'

Verification of Theorem 6.5 is straightforward: By (6.11) we may employ Lemma
6.2 with 6 = 1 in 1,1, /2; using (5.4c) and (6.7b), the result (6.12) follows.

(6.12b) ¢ (v; st=s" = %) =

+
glvi s =s =7)

FIGURE 6.13a

>l

V]
i :
13\)4,-1 I
Yy

V+1

FIGURE 6.13b

We next use the cell entropy inequality associated with Godunov’s scheme, see
Lemma 5.1, to infer such an inequality for the difference schemes under considera-
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tion. We start with

LEMMA 6.7. Consider the TVD scheme (1.7a), (6.9). Then for all entropy
pairs (U, F) we have

Ulvy(t + k)] S Ulwu(8)] = AM(Fyg1/2 — Fu_1/2)
(6.14a) +A/ U"(v) [g(" 1/2) ( =s" = %) - f(v)] dv

v— 1/2

+ ,\/ vri/2 U" (v) [g(u+l/2) (v; st=s"= E:'lx) - f(v)] dv,

with a consistent numerical entropy fluz given by
(6.14b) Fuy1/2=F(WG,1/5) = U'(v341)2) - [husase = F(v41/2)]-

Remark. Here, the intermediate Godunov value vfﬂ /2 may be taken as, see
(6.8),

vy +v
(6.14¢) v9+1/2 = v9+1/2(0 =1/2) = V—2V+—l = Mgv+1 = gv)-

Proof. The maximal slope of g(*+1/2) (y; st = s~ = 1/2)) is 1),

2\ Max [g(v*1/?) (v;s+ =5 = j-)' <1

vE€l, 412

22

Therefore, we may apply Lemma 5.1, obtaining, see (5.5¢),

U [HG [v,,_l,v,,,v,,;g(”_l/z) (v; st=g"= i) ,2/\”

2\
(6.15a) o ’ .
<U(v) - 2/\/ U'(v)g¥~12 (v; st=s"= ﬁ) dv,
"5-1/2
U [HG [vu,vu,vu+1;y(”+‘/2’ (v;s+ =s" = %) ,2A]]
(6.15b) / .
+1 2
<U(v,) —2A/ v)g(”+1/2) (v sT=s" = 2)‘) dv.

Adding and subtracting 2A[F(v,) — F(vC_, /2)] =2\ f:{; ) U'f’ to the right-hand
v—1/2
side of (6.15a), we find after integration by parts

U [HG [v,,_l,v,,,v,,;g(”'l/z) (v; st=s"= 21/\) 2/\”

Vv

<U(vy) —2) o U’ (g(u—l/2) _ f) —2) [F(v,,) — F(v,?_,,l/z)]

_vG

(6.162) =U(v,,)—2/\~U'(v)-(g("'l/z)('v) {O) ] et

1/2

-\ [P~ FeSy)] +23 [ 0"l -
vu—l/2
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In a similar manner, (6.15b) yields

U [HG [v,,,v,,,v,,+1;g(”+1/2) (v; st=s"= 21/\> 2/\”

(6.16b) <U(wy)=2X-U'(v)- (g(v+1/2) ”))I _vv+1/2
= 20 [F(v],1/2) = F(v)] + 2/\/ U"[g(""'l/2) - f).

By convexity, the average of the two terms on the left of (6.16a) and (6.16b) dom-
inates the entropy value U(:), computed at the average of the corresponding two
Godunov solvers; invoking Theorem 6.4, we arrive at

Ulow (¢ + K)) < Ulo, (8)
(6.17) =B [F(05,/5) +U" (0 2) [g<"-1/2>(v.9_ 2) = F0S_112)] ]

+/\/ U” (v—-1/2) _ f)+/\/ UII (v+1/2) —f),

v—1/2

and the result (6.14) follows, noting that g(»*1/2) (yG 1 /2) hy+1/2; see (6.7b). O
In the same way as the last lemma followed from Theorem 6.4, Theorem 6.5
gives us

LEMMA 6.8. Consider the TVD scheme (1.7a), (6.11) in the neighborhood of
a noncritical value v, where Av,_y/3 - Av,y1/2 > 0. Then for all entropy pairs
(U, F) we have

Ulv,(t+k)) Ul (8)] = MFog1/2 — Fu-1/2)
(6.18) +/\/ U"(v) [g("'l/z) (v; st=s"= ;) - f(v)] dv

v— 1/2
+ /\/ u-{-l/2 U”(’U) [y(u+1/2) (U; 3+ =8 = %) - f(v)] dv.
Vv

Remark 6.9. The numerical entropy flux, Fy4;/2, in (6.18) is determined by
Godunov’s intermediate value vf_H J2- It coincides with the one given in (6.14b) and
(6.14c): Indeed, vu+1/2 = v9+1/2( = 1/2) is located in between vl‘f+1/2(s+ =21
and v, (57 = A~"). The proof is omitted.

The only difference in Lemma 6.8 is in the slopes, s, involved in the last two
integrals on the right of (6.18): At a noncritical value, they are twice than otherwise
allowed by Lemma 6.7; see (6.14a). Making use of |3, | to distinguish between these
two cases, see (4.3a), the corresponding two estimates can be unified as follows.

THEOREM 6.10. Consider the difference scheme (1.7a) satisfying the TVD
condition

Agl/:l’:l/2

1+ sy
Avl/:i:l/Z '

(6.19) A -

SQu+12 <
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Then, for all entropy pairs (U, F) we have
Ulv, (t + k)]
S Ulwy(t)] = MFyq1/2 — Fuo1)2)
R (v-1/2) +_ - _ 1+]s]
(6.20a) tal U (v) |g vist =sT = — | - f)| dv

v—1/2

vg
+ /\‘/ +1/2 UI/(,U) [g("+1/2) <‘U; stT=s"= 1+ Isul) - f(v)] dv,
Uy

with a consistent numerical entropy flux

(6.20b) Foirp =FS1)5) —U' (0511 p)husja = F(0511)9))-

For later purposes, we shall prefer a slightly different version of inequality (6.20),
where the last two integrals on the right are shifted over the I, ./, interval. We
state

THEOREM 6.11. Consider the difference scheme (1.7a) satisfying the TVD
condition
A Agyt1/2

1+ sy
Avyty)2 '

(6.21)

< Qu:i:l/2 <

Then for all entropy pairs (U, F) we have
Ulv, (¢ + k)] < Ulvu ()] = AM(Fot1/2 — Fu—1/2)

Vv+1
(6.22a) + ,\/ U" (v) [g(u+l/2) (v; st = 1+ stJI’
v, 2
- 1+|s
Su41 = é;“l) f(v)] dv,

with a consistent numerical entropy fluz
Fop12=F(G,1/2) = U (w312 hws1/2 — f(v511/2)]

Vv+1
(6.22b) +A/G U"(v) [g(”+1/2) <v; st=s"= l+—5‘ﬂ) - f(v)] dv.
Vo+1/2

Remark. Theorem 6.11 finally leads us to the modified flux function* we were
looking for; its restriction to the I, /o-inverval is given, according to (6.22a), by

g(v) I I12 = g(u+l/2) (1))
(6.23) _ /) <v; o Lt ls] - 1+ |s.,+1l> .

Proof. We first note the identity

”S / 1
[ vt st sy do+ [ 0 D wis ) v
(6.24) " Yur1/2
Vy+1
=[ U"(v)g¥ /2 (v; 57, 57) dv.
Vy

Vu+

4To be precise, g(v) is double-valued in the critical neighborhood.
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Indeed, of the two integrals on the left, the first depends only on s}, the second
only on s; . Adding and subtracting

/\/ U" () [g(u+1/2) (v st=5"= %) — f(v)] dv
u+1/2
to the right-hand side of (6.20a) and using (6.24), the theorem follows. O
Remark 6.12. The two integrals appearing on the right of (6.22) are responsible

for the unnaturally shifted estimates with respect to the v,-grid value. If, in the
previous proof, we instead add and subtract

vS_y,
/\/‘ 1/2 U”(v) [g(u—l/Z) (v; st=g" = 1+ |;u—1|> _ f(v)J dv
V-1

to the right-hand side of (6.20a) and use (6.24), we end up with a reversed shifted
form,

Ulv, (t + k)] < Ulvp(t)] = M(Fus1/2 — Fuo1/2)
(6.25a) +,\/ U (v) [ (v—1/2) (v st = 1 +£\u-1|’
_ 1+4|s
S, = 2/|\ Vl) - f( )] dv,
where

Fui1/2= F(”9+1/2) - U’(”9+1/2) [hu+l/2 - f(v.9+1/2)]

(6.25b) WS,
_ /\/ +1/2 U//(v) [g(u+1/2) (v; st=s"= 1 -;/l\8u|> _ f(v)] dv
Vv

Averaging of (6.22) and (6.25) results in the symmetric entropy estimate of this
type,

Ulvu(t + k) < Ulvu(t)] = M(Fot1/2 — Fu-1/2)

(6.26) +A /., V: U"() [9() | 1,-,/, — f(v)] dv

[ T UMW) [90) | 1are ~ F(@)] d

7. Necessity and Sufficiency of E-Fluxes. Theorem 6.11 shows that a
desired cell entropy inequality, (5.2a), follows, provided the last integral on the
right of (6.22a) is negative,

Vv+1
(71) / U"('U) [g(u+l/2) (’U; st = 1+ ISVI s = 1+ |3u+l|) _ f(’l))] dv < 0.
Vo

22 22

The requirement of negativity for all convex entropy functions U, in this case, is
equivalent to the requirement that g(v)|1,,,, will lie below or above f(v), de-
pending on whether v, < v,4; or v,4; < v,; taking into account the piecewise

linear form of g(v) | s in (6.23), see Figure 6.4, this requirement amounts to the

v+1/2
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following inequalities:

(i) Sut1/2 - [hvy1/2 — f(v)] <0, v € li10,°
(ii) (a) A Max f(v) - gV S 1 + ISVI’

lv—v,|<ef | V— Uy 2

2
+_ +
e, = mCVH/QIAqu/zI,
(b) A Max f(v) — Jv+1 < 1+ Isu+l|
p-voiles,, | V=V | T2
2

€41 = mc;+1/2|Avu+l/2l'

Numerical fluxes satisfying condition (i) are called E-fluzes after Osher [18]. Equiv-
alently, the corresponding schemes are characterized as exactly those having more
numerical viscosity than that of Godunov’s scheme [26]. In terms of the modified
viscosity coefficient Q,41/2 in (3.3), the first inequality (i) reads, consult (2.5¢c),

(E) Q9+1/2 < Qu+1/2~

Observe that two viscosity coefficients are comparable in the sense advocated in
[26], provided that the same modified flux is used for the corresponding schemes;
in the above E-condition, the original flux, f,, was used in both cases, see Remark
3.1. Regarding the CFL condition in the second inequality (ii), it can be shifted to
the more symmetric form in the spirit of Remark 6.12,

f(‘U) — Gv

v—vy

< 1+ |sy|
- 2

+ 2035:1 /2|Avu+1/2|
v

(CFL) A Max = ey

lv—v,|<e

With a similar shifting of the TVD condition (6.21), we arrrive at

y €

THEOREM 7.1 (TADMOR [26, THEOREM 5.1]). Consider an E-type TVD
scheme (1.7a) such that

. (1+|sy| 1+]s
(7‘2) QV+1/2 < Min < 2| Vla |2V+1|) )
and assume the following CFL condition holds:
/\ Ma-x f(v)_gl/ < 1+|8V|
(7.3) emwizet] vowe 1702
. ot 2%, )5|B0,41 /2]
v 1+ |sy]

Then, for all entropy pairs (U, F) the following cell entropy inequality is satisfied:
(7.4) Ulv,(t + k)] < Ulvu (b)) = M(Fot1/2 — Fu—1/2)-

5 It is sufficient to consider v lying in between

v 18t =+ 1s))/2))  and  vp (8T = (14 lsu4a])/2)).
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Remark. We have preferred to center the TVD condition (7.2) and CFL condition
(7.3) around the v,-grid value. Therefore, no specific reference was given as to the
consistent numerical entropy flux F, ;o in (7.4): It may be chosen, throughout the
computational grid, by (6.22b), (6.25b) or any convex combination of the two.

Proof. The only part which requires clarification is the validity of the TVD
constraint, see (6.21),

Agu+l/2
7.5 A|—=| < .
(7.5) X <Qus1/2
Indeed, (3.1) and (2.5) yield
Agyy1/2 Agyt1)2 G Aguyi/2
7.6 Al———=| < Ae +|———| < + |[—;
(7.6) Avyy1/2 lau+172] Avyy1)2 Quiy2 Avyy1/2

since g, /Awv,+1/2 is positive by (3.7c), we find, as in (4.9b),

A§V+1/2
Avyiyy2

Augmented with the E-condition, (7.6) and (7.7) yield (7.5):

< Ma'x(lgvla |§u+1|) < gu + §V+l
T |Avygrel T Avygape

(7.7)

Agyiiy2
Avyi1/2

Gv + Gut1/2

A
Avyiyy2

G
<@t

Remark 7.2. Tt is the CFL-like condition (7.3) which throws some further light on
the first-order accuracy limitation encountered with difference schemes satisfying
all cell-wise entropy inequalities (5.2a). Indeed, in case Av,,;/2 > 0 (similarly
Av,_y/9 <0), then necessarily g, = f, + g, /A will lie above (similarly below) f,,
in contrast to the requirement induced by (7.1); specifically, as v approaches v,,
the CFL-like ratio on the left of (7.3),

f(v)_f(vu)+l gu

v—10, Av—u,

(7.8) A Max

)
lv—vy|<ed

will diverge unless the correction g, vanishes. In this case, the modified flux g,
is reduced to the differential one, f,, and we are back in the standard first-order
accurate E-schemes, subject to the familiar

fv) = f(v)

(7.9) A Max
v—1,

|v_”VIS€$

<l
-2

In particular, according to (7.9), the usual half CFL number is sufficient in this
case, in agreement with [26]:

(7.10) O

Max
[v—vu|<|Avyt1/2]
Of course, (7.9) offers a more delicate alternative. Note that, unlike the TVD
constraint (1.8), some further information regarding the flux behavior in between
the grid values is always required for a cell entropy inequality to hold.

Next we show that the E-condition is, in a sense described below, necessary for
a cell entropy inequality, thus complementing the sufficiency of Theorem 7.1. To
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this end, we subtract v, (t) from both sides of (1.1) and (1.3), divide by k¥ = At and
take the limit At | 0, obtaining the semidiscrete approzimation

d'v,, 1

(7.11a) a5 T ag (12 = huop2) = 0;

here, the time derivative is understood in the distribution sense, and the numerical
flux is still allowed to depend on the mesh size, Az,

(7.11b) hu+l/2 = h('vu—p+l’ v Vutps [yA 10, Az).
The corresponding cell entropy inequality will read
dUu 1
(7.12a) SO+ - (Fugijp = Fu1y2) <6
here, (U, F) is any consistent numerical entropy pair
w
(7.12b) F(w,w,...,w; f,A | 0,Az) = F(w) = / U'f.

In stating our next theorem, the terminology of separated data will be used: We
shall say that the data are separated if all relevant grid values involved in the
scheme’s stencil are separated with respect to, say, the separating interval I, /2;
that is, we either have

(7.13a) Vj—k S V5 < Vi1 < Vjpk, k=1,...,p,
or
(7.13b) Vj—k > Vj > Vj41 2> Vj+k, k=1,...,p

A monotone profile is, of course, the canonical example of separated data: Any two
consecutive grid values may serve as a separating interval in this case.
Equipped with this terminology, we now turn to

THEOREM 7.3. (E-fluz is necessary for cell entropy inequality.) Consider the
semidiscrete approzimation (7.11) and assume the cell entropy inequality (7.12)
holds for all consistent numerical entropy pairs (U, F).

Then the numerical flux, h, is an E-fluz in any separating interval.

Proof. Introducing the consistent numerical entropy flux
(7.14a) Fut1/2 = F(vu41) = U'(us1)lhotr/2 — F(0u41)],
the following equality [18, Section 3] holds,

(r.14) SO+ P Foayil = o [ 0" @)lhussya—f ()] do.

Subtracting (7.14b) from (7.12a) we find, after multiplication by Az,
Vv+1
a5 [ U @by~ S0+ (Heags — Hooy) SO
YV

here, H, /7 stands for the difference F, /o — F, 11/, which is consistent with
zero,

(7.16a) Hw,w,...,w; f,A | 0,Az) = F(w) — F(w) =
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Consider a (2p + 1)-grid-valued stencil separated by, say, the I/, interval; we
shall extend it to all grid points, defining

(7.16Db) Vjt+k = Ujtp, Vj—k = VUj_p, k=p+1,p+2,....
Let v be any value in between v; and v;4; and apply (7.15),, with Kruzkov’s choice

for entropy function, U(w) = |w — v|: For all but the v = j index, the first term on
the left of (7.15), vanishes, and we end up with

(7173) H]+l/22Hj+3/2ZZHoo=0a v=3+1,75+2,...,
(717b) Hj—1/2SHj—3/2S“'SH—oo=0a I/=j—1,j—2,....
Here, the equalities Hioo = 0 on the right of (7.17) follow from the consistency
(7.16a) and the definition of our extension in (7.16b). Complemented with (7.15);,
which in this case reads
Vji+1
02 f 6(w — v)[hjy1/2 — f(w)]dw + (Hjy1/2 — Hj—1/2)
vj
= sj+1/2lhj+172 — F(O)] + (Hjr172 — Hj—1/2),
we find, for all v in I; /s,

si+1/2[Rjx172 — f(v)] < Hj_y/3 — Hjy1/2 < 0.
That is, h is an E-flux over the I,/ interval as asserted. O
Next we have to confront the limitation of E-schemes being at most first-order
accurate [18]: Indeed, according to the E-condition, their modified numerical vis-
cosity is bounded away from that of the Lax-Wendroff scheme; hence (3.4) fails.
Moreover, being an E-flux in separating intervals alone still meets the limitation of
first-order accuracy. The proof follows along the lines of [18].

(7.18)

8. Second-Order Resolution and a Cell Entropy Inequality. In light of
our discussion in the last section, we are seeking cell entropy inequalities for SOR-
TVD schemes only for special entropy pairs: Specifically, we shall consider the pair
U(v) = v?/2, F(v) = ["wf'(w)dw. In the genuinely nonlinear case where f is,
say, strictly convex, all (convex) entropy inequalities (and therefore convergence to
the unique solution) then follow in the limit; see [14], [5].

We start with 3-point E-type upwind schemes. Upwinding simply means that
we difference in the “streamwise” direction. In particular, considering the char-
acteristic direction, we require either C’,'," +1/2 OF C, +1/2 tO vanish, depending on
whether f’(v) is positive or negative throughout the I, J2-interval; in either of

these two nonsonic cases, the sum of the incremental coefficients C’fﬂ /2 equals
their difference in absolute value, i.e.,

Af v+1/2 /
(8.1a) Qusr2(f) =2 Bvyrral’ F' @) 1,41/ #0.

This is, of course, nothing but a restatement of the well-known fact that away from
sonic values, all upwind schemes coincide with Roe-Murman’s (2.5d).

The SOR-TVD schemes to be considered are then constructed according to the
piecewise constant viscosity modification of Theorem 4.7, where the viscosity coef-
ficient used is given by

Ag
(8.1b) Qutij2 = Q2 = Quirsa(f) + sk

A'Uu+ 1/2
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Here, § is the flux correction, see (4.21b),

- S .
(8.1c) gy = %Mln([Quilﬂ(f) = 22(a?),41/2] - |AVL21/2])
with second-order resolution condition requiring

(8.1d) A(@®)ut1/2 = A2(au41/2)? + O(|AV))ut1/2 < Qui1/2(f),

and a first-order perturbation O(|Awv|),1/2, which is yet to be precisely deter-
mined. Unless otherwise stated, the following CFL-like condition will be assumed,

(8.1e) Qu+1/2(f) < 1/3.

In particular, the above use of the piecewise viscosity modification from Theorem
4.7 is justified, since (4.15) holds. Furthermore, the essential estimate (4.9b),

Agy+1/2 1 2, 2
— | <= —2*(a ,
Ro ) < HQunsyal) = (@)
yields the TVD requirement (6.21),
Agytiy2 Agyti1/2
Al—=| < X|a 4 | 2vEL2
Avyty/9 [avs1/2] Avyt1/9
Agyt1/2 3 1
< Quar2(f) + ﬁ = Qi < 2@uz12(f) < 3,
1%

so that Theorem 6.11 applies.® According to this result, the desired cell entropy
inequality holds for the above quadratic entropy, provided

Yrt1 14+ |s,| _ 14 |spy41]
(v+1/2) .ot v v+
(8.2) /vv [g (v, S = gy Skl = ) — f(v)| dv

is nonpositive.
We first study the critical case, stating

LEMMA 8.1. Consider the critical case |s,| = |sy+1| = O (that is, both v, and
Up41 are critical grid values), and assume the following CFL condition holds

(8.3) A Max |f'(v)| < 1/2.

[v—vy|<|Avy11/2]
We then have

Vv+1
(8.4) / g(V+l/2) v; s;" = }_ﬂgl_/l,s;_._l = EM — f(U) dv <0.
. 6%) 2

Proof. We appeal to the conservative form of the modified scheme, quoted in
(4.22): By assumption, s, and therefore §, vanish, and hence

z 1. ~
hyt172 = 5[Gv+1 — 3u+1/2|gu+1|];
2

since s,41/2 agrees with the sign of §,41, we conclude that the numerical flux
correction ﬁ,,_,_l /2 vanishes in this case. Thus, we are left with the original E-flux
we have started with. By Theorem 7.1 therefore, all entropy weighted integrals in
(7.1), and in particular (8.4), are nonpositive, provided the CFL condition (7.3)

SIn fact, twice the CFL limit (8.le) can be used away from critical neighborhoods where
[sul - lsv+1| # 0.
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holds: The latter follows in view of (8.3), noting that the modified flux corrections
gv and g,4+1 vanish—consult Remark 7.2. O

Next we turn to the noncritical case |s,|+|sy+1| > 1: Calculating the area below
the piecewise linear “double-wing” form of

1
g+1/2) (v; ot = +s] _ 1+ |3u+l|),

22 T Ty
see Figure 6.4, we obtain

Vv 1+]s _ 1+]s
[ o (e = 1A g, Tl gy 0
Vv

1

= Avu+l/2hu+l/2 + ﬁ [1 + |3u| (Cy+l/2)2

(8.5a) 0
- 2
T G| @
Vy+1
- f f(v) dv;
Vv
inserting the value of h,1/; from (1.7b) and (3.1),
+ 1 1
hu+1/2 = &"_2&4-_1 + o7 22 (gu + gu+1) 2A u+1/2AUu+1/2a

we find

Vvl 1+|s| 14+ |sp+1]

W41/2) 4. o+ = v v+l _
/1;V [g (v Sy 2A ’8U+1 2/\ f(v) dv
+ vk

= Av,,.,.l/;,>f—"—?ffi —/ f(v)dv

(8.5b) Lo
4 (Av,,.,_1/2)2 gv + gv+1 QSOR_ 4 _ 2 2 2 (¢t )2
2\ Avyy1/2 VHIZ T L4 ]sy |t /2

2
—(C". 2.
+1+|8u+1|( v+1/2) ]

In the next proposition we estimate from above the last brackets on the right of
(8.5b). The somewhat technical proof is postponed to the end of this section.

PROPOSITION 8.2. The followz'ng estimate holds:
v + Ju+1 SOR 2 2 _ 2
9o T vt _ + +—=(C
(86) Avu+1/2 Qu+1/2 1+ | |( u+1/2) 1+ |3u+1|( u+1/2)
Syl + |8
< I ul | u+1|[Q +1/2(f) A2(G,2),,+1/2].

In view of (8.5b) and Proposition 8.2, we can now complement Lemma 8.1 with

LEMMA 8.3. Consider the noncritical case |s,| + |sy+1| > 1 (that is, either v,
or Vy41 18 a noncritical value). We then have

Vu+1 1 |8 I _ 14 |8 |) ]
(v+1/2) ( T e L — P41}
g v; 8 = ,8 = f(v)| dv
/,,V [ v 2\ v+1 2\ ()

(Avyt1/2)? [ 2\
2) (AUV+1/2

|3_v112|3£-_1_|(Qu+1 2(f) - /\2(02)V+1/2)] :

(8.7a) <

B ET,41/2
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Here, ET, 12 stands for the error in the trapezoidal rule, applied over the I, 1/3-
interval,

Vy+1
(87b) ETV+1/2 = A'U,,+1/2 w] - / ' f('l)) dv.
Vv

In order to guarantee a cell entropy inequality in the noncritical case, the inte-
gral on the left of (8.7a) should be nonpositive. This can be achieved by choosing
A?(a?),41/2 0 as to make the expression in brackets on the right of (8.7a) nonpos-
itive.

We claim that such a choice admissible by the second-order resolution condition
(8.1d) i3 indeed available in all nonsonic intervals: According to the upwinding
property (8.1a),

(8.8a) Q2 11/2(f) = Nlavyryal?,
and by a standard error estimate [4, Section 2],
Av 3
. v+1/2 = Sk LI ) v+1/2-
(8.8b) ET ( L Yo, cer

It is here that we use the first-order flexibility in defining A?(a?),41/2 previously
noticed in Theorem 4.2. We choose

Av
R@)sss = Qhall) + 3522 M |770).

Unifying the critical and noncritical cases, we arrive at

A
(8.9) A2 (@®)y1/2 = QLyryo(f) + §|Avu+1/2| }"fﬁi‘z [f" ()]
In order to comply with the inequality on the right of (8.1d), we set in (8.1c)
. s .
(8.10a) gy = 7" Min[Q,+1/2(f) — A2(a®)x1/2]t - |AvY21/2]] -

In terms of the numerical flux modification
- 1. . - -
(8.10b) u+1/2 = 5 (G0 + Gu+1 — Sut1/2lGu+1 — Gul] 5
the resulting scheme then reads:
1
'Uu(t + k) = vu(t) - ’\(fu+l - fu—l) + E [A(Qu+l/2(f)Avu+l/2(t))]

- (;"u+l/2 - ;"u—l/’.’)a

(8.10c¢)

and we summarize what we have shown in

THEOREM 8.4. Let Q,41/2(f) be an upwind E-type viscosity coefficient, and
assume the following CFL condition holds:

(8.11) A - Max|f'(v)| < 1/3.

Then the difference scheme (8.9), (8.10) satisfies
(i) total-variation diminishing;
(ii) second-order resolution;
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(iii) the cell entropy inequality”
3U(t+ k) < 303(t) = MFoiry2 — Fugrya)-

Remark 8.5. As argued in Theorem 4.2, the scheme has formal second-order
accuracy in all intervals such that g, and g, 41 do not vanish. According to (8.10a),
therefore, all nonsonic noncritical invervals such that

Qu+1/2(f) = A2 (@®)ut1/2 = Mavt1/2] — A%lavt1/2/?

A
3 Iy41/2
are included; in view of the CFL condition (8.11), the first difference on the right
exceeds 2A|a, 11/2|/3, and the last inequality is valid provided that

1
(8.12) §|Avu+1/2| - Max If" ()| < lavs1/2]-
v+1/2

In other words, scheme (8.9), (8.10) is second-order accurate at all noncritical neigh-
borhoods satisfying (8.12). Observe that increasing A?(a?), 41/ results in a similar
increase of the modified viscosity coefficient Q,41/2 in (3.4a).

Remark 8.6. The additional viscosity added is directly related to the amount of
u?/2 entropy loss across shock discontinuities which is precisely |[ET, 4, s2|- This
should indicate the possible generalizations to other entropy pairs; moreover, it
seems to imply that second-order resolution is the maximum possible for cell entropy
satisfying schemes, the entropy loss being cubic [14].

As a special case, let us consider now the genuinely nonlinear model where f is,
say, strictly convex. We distinguish between two possibilities.

(i) The shock case: Av, /9 < 0. Since the trapezoidal error in (8.8b) is negative
in this case, the admissible choice A?(a?),41/2 = Aavr1/2|* = Q24 /5(f) will
make the integral (8.7a) nonpositive, as required.

(ii) The rarefaction case: Av,i1/2 > 0. As expected, this is the more delicate
case because the sign of the trapezoidal error is now reversed to be positive, which
will be compensated by additional dissipation as before. To summarize, we choose

613 @iy = Qaryolf) + 5 Bvsa)* Max (0]

in which case we have

THEOREM 8.5. (The convergence of SOR-TVD schemes.) Assume f s strictly
convez, Q,41/2(f) is an upwind E-type viscosity and the CFL condition (8.11)
holds. Then the difference scheme (8.13),(8.10) satisfies

(i) total-variation diminishing;

(ii) second-order resolution, where

1
E(A'vu+1/2)+ Max [f" ()] < lavt1/2l;
v+1/2

(iil) @ consistent quadratic cell entropy inequality;
and, as a consequence of (i) and (iii),
(iv) convergence to the unique physically relevant solution.

"The numerical entropy flux is given in (6.22b).
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Remark 8.6. The above-mentioned quadratic cell entropy inequality is due to
the related inequality of Theorem 6.11. If (the nonshifted form of) Theorem 6.10
is used instead, the same cell entropy inequality follows, this time with added
dissipation compensating the rectangular rule error rather than the trapezoidal one.
Details are omitted. Recently, Osher [19] has considered SOR-TVD semidiscrete
approximations to the genuinely nonlinear model (1.2). Convergence was then
guaranteed with more dissipation added at shocks, rather than at the expected
rarefactions. Indeed, the estimates used in [19] correspond to those quoted in our
Theorem 6.10, and the dissipation unnaturally, yet necessarily, added at shocks can
be therefore attributed to the reversed sign of the rectangular rule error. We also
note that in the cases studied in [19], [20] and in the last two theorems, formal
second-order accuracy had to be given up at strong jumps, which were measured
with respect to the amount of convexity, Maxy, , , , [f"(v)].

Remark 8.7. One can obtain similar results by starting with 3-point TVD
schemes which are not necessarily of upwind type. For example, choosing the
modified Lax-Friedrichs schemes where Q,/2(f) = 1/2, see [26], one can repeat
the above arguments and conclude similar convergence results. Details are omitted.

We close this section with the

Proof of Proposition 8.2. The flux correction §, in (8.1c) satisfies

gv EM 2/ 2
. v —————— S — v — v ;
(8.14) Aers 5 (Qut1/2(f) — A*(@®)p1/2]

summing (8.14), and (8.14),4; we find

gv +Gu+1 _ |su] +[s0+41] 2/ 2
. < - .
(8.15) A’Uu+1/2 = 2 [Qu+1/2(f) A(a )u+1/2]
We recall the definition of the viscosity coefficient in (8.16),
Agyt1/2
8.16 —QSOR  — _ — =2
( ) Qu+1/2 QU+1/2(f) Avu+l/2
Finally, we examine the incremental coefficients C’fﬂ /210 (1.9): Utilizing (3.1), we
have '
1 Ag Ag
+ _ 1 v+1/2 v+1/2
(8.17a) Covpp=3 [Qu+1/2(f) + Bvviij FAayt12 F ———-—-—A%H/J .
Consequently, the following equality holds,
1—|s,| 1—|s,|
(8.17b) T|s:| Clp)’ = TV‘[QU-FI/‘;’(f) = Aayt1/9]°
Indeed, if |s, | = 1, then both sides vanish; if otherwise s, and therefore g, vanish,
then _ _ _ _
Agu+1/2 _ (Agu+1/2) _ Jv+1 vt
Avyi1/2 Avy 4172 Avyy1/2 Avyy1/2

vanishes as well, so that in view of (8.17a) equality holds in (8.17b). Similar argu-
ments yield

1-|s _ 1-|s
(817¢) #“;:j:(cuﬂ/z):, = #[Qu+l/2(f) + Aayq1/2)%.
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In view of the TVD constraint (1.8) we also have

2 _ 1 QSOR )2 4 32 Agy+1/2 ’
(Cu+1/2) + (i) = 5 [(@o31))" + 2 AU:+1/2

;

(8.17d) Az
Jv
< [Qu+l/2(f)+ ﬁ
Adding (8.17b), (8.17¢), and (8.17d) we arrive at

2 + )2 2 - )2
l—m(ouﬂ/z) + W—l(cuﬂ/z)

8.18
( ) gu+1/2

2
[Qu+1/2(f)+ s ] (2 [s0] ~ 5041 @212

The inequalities (8.15), (8.16) together with (8.18) amount to the desired inequality
(8.6): If |s,| = |sy+1]| = 1, the derived upper bound reads

A?]'u+l/2 [ A!7u+1/2
g | —-142 4 | ==
Avy+l/2 QV+1/2(f) A’UV+1/2

where in view of (8.14),, together with the CFL condition (8.1e), the last brackets
on the right are indeed nonpositive:

—14+2Qu41/2(f) +

Q3+1/2(f) - /\2(‘12)u+1/2 +

Agu+1/2

5
<1+ <05
Y 2Qu+1/2(f)

if |sy| + |8v+1]| = 1, we find
1 1
= 5Qu+1/2(f) = 5/\2(02)u+1/2 +2Q041/2(f)

Agyt1/2 [ ]
+ | =L —142Q, + .
AUV+1/2 Q +1/2(f)

As before, the last brackets on the right are nonpositive, while the sum of the
preceding three terms does not exceed the asserted value,

Qu+l/2(f) + Qu+l/2(f 2 [Q +172(f) - ’\2(0'2)u+1/2]

[Q +1/2(f /\2(02)u+1/2];

finally, although not specifically referred to, §, = g,+1 = O in the critical case,
|sy| = |sy+1]| = 0, yielding

—Qus1/2(f) +3Q2 11 (f) <0. D

Agyt1/2
Avyy1/2

Department of Mathematics
University of California
Los Angeles, California 90024

Department of Applied Mathematics
Tel-Aviv University
Tel-Aviv, Israel

ICASE
NASA Langley Research Center
Hampton, Virginia 23665



DIFFERENCE APPROXIMATIONS TO SCALAR CONSERVATION LAWS 51

1. J. P. BORIS & D. L. BOOK, “Flux corrected transport: I. SHASTA, a fluid transport
algorithm that works,” J. Comput. Phys., v. 11, 1973, pp. 38-69.

2. S. R. CHAKRAVARTHY & S. OSHER, “Computing with high resolution upwind schemes for
hyperbolic equations,” to appear in Proceedings of AMS/SIAM, 1983 Summer Seminar, La Jolla,
Calif. (B. Engquist, S. Osher, and R. C. J. Somerville, eds.).

3. M. CRANDALL & A. MAJDA, “Monotone difference approximations for scalar conservative
laws,” Math. Comp., v. 34, 1980, pp. 1-21.

4. P. J. DAVIS & P. RABINOWITZ, Methods of Numerical Integration, Academic Press, New
York, 1975.

=+ R. J. DIPERNA, “Convergence of approximate solutions to conservation laws,” Arch. Rational
Mech. Anal., v. 82, 1983, pp. 27-70

6. B. ENGQUIST & S. OSHER, “One-sided difference approximations for nonlinear conservation
laws,” Math. Comp., v. 36, 1981, pp. 321-351.

7. S. K. GODUNOV, “A finite difference method for the numerical computation of discontinuous
solutions of the equations of fluid dynamics,” Mat. Sb., v. 47, 1959, pp. 271-290.

8. A. HARTEN, The Method of Artificial Compression: 1. Shocks and Contact Discontinuities, AEC
Research & Development Report C00-3077-50, Courant Institute, New York University, June 1984.

9. A. HARTEN, “The artificial compression method for computation of shocks and contact
discontinuities: III. Self-adjusting hybrid schemes,” Math. Comp., v. 32, 1983, pp. 363-389.

=+ A. HARTEN, “High resolution schemes for hyperbolic conservation laws,” J. Comput. Phys.,
v. 49, 1983, pp. 357-393.

11. A. HARTEN, “On a class of high resolution total-variation-stable finite-difference schemes,”
SIAM J. Numer. Anal., v. 21, 1984, pp. 1-23.

=+ A. HARTEN, J. M. HYMAN & P. D. LAX, “On finite difference approximations and entropy
conditions for shocks,” Comm. Pure Appl. Math., v. 29, 1976, pp. 297-322.

13. S. N. KRUZKOV, “First order quasilinear equations in several independent variables,” Math.
USSR Sb., v. 10, 1970, pp. 217-243.

14. P. D. LAX, Hyperbolic Systems of Conservation Laws and the Mathematical Theory of Shock
Waves, SIAM Regional Conference Lectures in Applied Mathematics, No. 11, 1972.

=+ P. D. LAX & B. WENDROFF, “Systems of conservation laws,” Comm. Pure Appl. Math., v.
13, 1960, pp. 217-237.

16. E. M. MURMAN, “Analysis of embedded shock waves calculated by relaxation methods,”
AIAA J., v. 12, 1974, pp. 626-633.

17. O. A. OLEINIK, Discontinuous Solutions of Nonlinear Differential Equations, Amer. Math. Soc.
Transl. (2), vol. 26, Amer. Math. Soc., Providence, R. I., 1963, pp. 95-172.

18. S. OSHER, “Riemann solvers, the entropy condition, and difference approximations,” SIAM
J. Numer. Anal., v. 21, 1984, pp. 217-235.

19. S. OSHER, Convergence of Generalized MUSCL Schemes, NASA Langley Contractor Report
172306, 1984, SIAM J. Numer. Anal., v. 22, 1984, pp. 947-961.

20. S. OSHER & S. R. CHAKRAVARTHY, “High resolution schemes and the entropy condition,”
SIAM J. Numer. Anal., v. 21, 1984, pp. 955-984.

21. S. OSHER & S. R. CHAKRAVARTHY, Very High Order Accurate TVD Schemes, ICASE Report
84-44, 1984, IMA Volumes in Mathematics and its Applications, 2, Springer-Verlag, 1986, pp. 229—
294.

22. P. L. ROE, “Approximate Riemann solvers, parameter vectors, and difference schemes,” J.
Comput. Phys., v. 43, 1981, pp. 357-372.

23. R. SANDERS, “On convergence of monotone finite difference schemes with variable spatial
differencing,” Math. Comp., v. 40, 1983, pp. 91-106.

24. P. K. SWEBY, “High resolution schemes using flux limiters for hyperbolic conservation laws,”
SIAM J. Numer. Anal., v. 21, 1984, pp. 995-1011.

25. E. TADMOR, “The large time behavior of the scalar, genuinely nonlinear Lax-Friedrichs
scheme,” Math. Comp., v. 43, 1984, pp. 353-368.

26. E. TADMOR, “Numerical viscosity and the entropy condition for conservative difference
schemes,” Math. Comp., v. 43, 1984, pp. 369-382.

=+ B. VAN LEER, “Towards the ultimate conservative difference scheme. V. A second-order
sequel to Godunov’s method,” J. Comput. Phys., v. 32, 1979, pp. 101-136.

=+ B. VAN LEER, “Towards the ultimate conservative difference scheme, II. Monotonicity and
conservation combined in a second-order scheme,” J. Comput. Phys., v. 14, 1974, pp. 361-376.



	Cit r52_c53: 
	Cit r53_c54: 
	Cit r30_c30: 
	Cit r35_c35: 
	Cit r37_c37: 
	Cit r40_c40: 


