A SELF-ADAPTIVE THETA SCHEME
USING DISCONTINUITY AWARE QUADRATURE
FOR SOLVING CONSERVATION LAWS*
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Abstract. We present a discontinuity aware quadrature (DAQ) rule, and use it to develop
implicit self-adaptive theta (SATh) schemes for the approximation of scalar hyperbolic conservation
laws. Our SATh schemes require the solution of a system of two equations, one controlling the cell
averages of the solution at the time levels, and the other controlling the space-time averages of the
solution. These quantities are used within the DAQ rule to approximate the time integral of the
hyperbolic flux function accurately, even when the solution may be discontinuous somewhere over
the time interval. The result is a finite volume scheme using the theta time stepping method, with
theta defined implicitly (or self-adaptively). Two schemes are developed, SATh-up for a monotone
flux function using simple upstream stabilization, and SATh-LF using the Lax-Friedrichs numerical
flux. We prove that DAQ is accurate to second order when there is a discontinuity in the solution and
third order when it is smooth. We prove that SATh-up is unconditionally stable, provided that theta
is set to be at least 1/2 (which means that SATh can be only first order accurate in general). We
also prove that SATh-up satisfies the maximum principle and is total variation diminishing under
appropriate monotonicity and boundary conditions. General flux functions require the SATh-LF
scheme, so we assess its accuracy through numerical examples in one and two space dimensions.
These results suggest that SATh-LF is also stable and satisfies the maximum principle (at least at
reasonable CFL numbers). Compared to solutions of finite volume schemes using Crank-Nicolson
and backward Euler time stepping, SATh-LF solutions often approach the accuracy of the former
but without oscillation, and they are numerically less diffuse than the later.
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1. Introduction. A hyperbolic conservation law posed on R% d > 1, for the
scalar function u(x,t) can be written in terms of the flux function f(u) € R? as

(1.1) us +V-f(u) =0, u(x,0)=u’x), x€RY t>0.

The differential operator has hyperbolic scaling, which implies that a numerical scheme
should use At ~ Az. Often, a second (or higher) order diffusive operator is added
to the left hand side, giving an advection-diffusion equation with parabolic scaling
requiring At ~ Az? (or worse). Numerical solution by explicit time stepping there-
fore requires extremely small time steps. The differential operator can be split into
advection and diffusion subproblems and solved using methods tailored to each. A
popular choice are the IMEX methods, which use implicit solution of the diffusive op-
erator and explicit solution of the advective operator. However, in this paper, we take
the point of view that we will use fully implicit methods, so that the problem can be
solved without resorting to operator splitting. A practical advantage of the implicit
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approach, especially for nonlinear problems, is that the discretization parameters can
be chosen based on one’s desire to maintain numerical accuracy of the underlying
physics, rather than the artificial concern of maintaining numerical stability.

A basic finite volume approximation of (1.1) uses backward Euler time stepping
combined with upstream weighting for spatial stability (the BE scheme). Unfortu-
nately, it is a low order accurate scheme that bestows on the solution excessive nu-
merical diffusion, so that shocks, contact discontinuities, and steep fronts are smeared
greatly over time. Nevertheless, the BE scheme is useful in many contexts. For some
applications, it is the method of choice, since it is unconditionally stable and sat-
isfies the maximum principle [16, 5] (or invariant domain property [6]). For other
applications, it can be used in combination with a higher order scheme to improve
the quality of the solution, for example in flux-limiter and flux corrected transport
schemes [18, 14, 15, 13, 11, 2, 12].

The theta time stepping method is often seen to reduce numerical diffusion com-
pared to the BE scheme. For parameter 6, the method blends the implicit backward
Euler (6 = 1) and explicit forward Euler (6 = 0) time stepping. The implicit Crank-
Nicolson method results when 8 = 1/2 (see (1.2) below). The resulting finite volume
scheme can be viewed as a flux limiting method with the limiting parameter 6. How-
ever, it is only conditionally stable and violates the maximum principle when 6 < 1.

A fundamental difficulty with the usual approaches are that an assessment of
accuracy is based on the analysis of smooth solutions. We develop in this paper a
nonlinear, self-adaptive theta (SATh) scheme that varies 6 based on estimating the
location of the discontinuities in the solution. The price we pay is that on a cell I;, we

need to approximate both the spatial averages of the solution at time level ¢*11, ﬁ?ﬂ,

and the space-time average of the solution ) "' (see (2.4)). In one space dimension,

using upstream weighting for transport in the positive direction, the SATh scheme is
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where, as we will see,
(1.4) ortt =

at least when the denominator does not vanish.

This 9?“ will arise from an accurate approximation of a time integral using what
we call discontinuity aware quadrature (DAQ), which is an approximate integration
rule that respects a discontinuity in the solution, should one appear. The stability
constraint 67 > 1/2 will also be necessary. This is not the first adaptive theta
scheme to appear [3], but ours is unconditionally stable and satisfies the maximum
principle in appropriate situations (see §5). Unlike explicit methods [4], the maximum
principle is not so well characterized for implicit methods.

In the next section, we discuss the framework for finite volume schemes to set our
notation. DAQ is developed in §3, and two SATh schemes are defined in §4. In §5,
the upstream weighted scheme is proved to be unconditionally stable and satisfy
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the maximum principle in the case of a monotone flow. After discussing two space
dimensions in §6, we present in §7 numerical results designed to test the other, Lax-
Friedrichs stabilized SATh scheme. We end with a summary of results, conclusions,
and some open issues.

2. The finite volume framework. In a finite volume scheme, we fix a com-
putational mesh of elements and time levels 0 = t° < t! < ¢ < .... We approximate
the average of u over each mesh element F, which we write as

(2.1) up(t) = |—;|/Eu(x,t) dx

where |E| is the volume of E. (Later we abuse notation by using the symbol ag for
the approzimation of this average.) One reason finite volume methods are popular is
that the governing equation (1.1) directly controls @' = @g(t"+1). This is usually
derived by integrating the equation over E x [t”,t”+1] to see that

tn+1

(2.2) aytt = ap — |E\ / V- flu(x,t)) dxdt
tn
1 t'n.+1
=up — Bl flu(x,t)) - vdo(x) dt.
[El Jen Jor

However, if the solution can be discontinuous, it is not so clear that this result is
valid. Rather, one should return to the physics of the problem, which dictates mass
conservation in the form

(2.3) up(t) =ug — flu(x,s)) - vdo(x)ds,

IEI nJop

and restrict to t = t"T! to obtain (2.2).

One cannot estimate the location of a discontinuity in the solution u using only @'
and @5, One needs more information. As in multi-moment finite volume schemes [8,
7], we approximate another linear functional of the solution, namely, its space-time
average defined by

tn+l
~n—+1
(2.4) ug At”+1|E|/ / x,t) dx dt,

where At"t1 = ¢"+1 _ ¢» This quantity is useful because it is controlled by the
physics of mass conservation. Simply integrate (2.3) in time to see that

tn+1

n 1
aptt = 7/ up(t) dt
tn

Atn+1

) ! / / Flu(x, )) - v do(x) dsdt
=Uu _— u X,S -V ao X S

E Atn+1|E| i Jop

it gn
=aup — At"+1|E| / / u(x, s)) - vdo(x)dtds,

which gives

N 1 ol g
2. Al g ) - vdo(x) —— dt.
e —ape o [ [t et S
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For completeness, we remark that the governing equation formally gives (2.5) as well.
To see this, multiply (1.1) by w(t) = ("' —¢)/At"*!, integrate in space and time,
and use integration by parts in time for the first term.

Hyperbolic stabilization will need to be incorporated into (2.2) and (2.5). More-
over, the time integrals will be evaluated accurately by using discontinuity aware
quadrature (DAQ), which we develop next.

3. Discontinuity aware quadrature (DAQ). We begin by defining what we
mean by an isolated discontinuity.

DEFINITION 3.1. A function v : [0,At] — R has a (potential) isolated disconti-
nuity at 7 € (0, At) if there exist continuous functions v (t) and vr(t) with v (0) =
vr(At) = 0 and constants v° and v! such that

WHop(t), 0<t<T,
(3.1) u(t) =1 ®)
vl +og(t), 7<t<AL

We consider approximate integration (quadrature) of a smooth function g(¢,v)
over the interval [0, A¢], where v = v(¢) has an isolated discontinuity at ¢ = 7 but is
otherwise smooth. We use only the data

1 At
v’ = vl = V= — v .
(3.2) (0). (At), / (t) dt

For some 7" =~ 7, we approximate

At T* At
/ g(t,u(t))dm/ g(t,vo)dt—i—/ ot 1) dt.
0 0 T

*

To determine 7* we apply the same rule to the function g(t,v) = v and assume
equality, i.e.,

At
(33) ato= [ ottyde =7+ (a0
0

which implies that the location of the discontinuity is approximated by

vl =9 1 0
(3.4) "= —F—At, provided v" # v,
vl —w

DEFINITION 3.2. Let g(t,v) be a continuous function defined from R x R to R,
and let v(t) satisfy the conditions for an isolated discontinuity at T € (0, At). With

-

(3.5) 7= vl =0

%At if vl =0,

At if vl # 00,

the discontinuous aware quadrature (DAQ) rule Q5 (g) is

At T At
(3.6) /0 g(t,v(t)) dt =~ OAt(g) = /0 g(t,v°) dt + / g(t,v') dt.

¢
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We remark that although 7 € (0, At), we cannot conclude the same for 7*. More-
over, when v' = v°, one could take other values for 7*. The value 7* = At/2 seems
most reasonable at this stage, but later we will see that 7% = 0 may be preferred to
emphasize v! (i.e., implicitness in the SATh scheme).

In our setting, we define

0

T* V—0
. -1 ="
(3.7) f At vl =0

and apply DAQ using ¢(t,v) = f(v) to see that

At
(38) | f0)di = QRN = (£ 07— 1) At
where O = f(v°) and f! = f(v!). Moreover, with g(t,v) = f(v) (At —t)/At, we see
that

At At — At —
B9 [ seo) S as o (1) = 0t e g - )

3.1. Accuracy of DAQ in the case of an isolated discontinuity.

THEOREM 3.3. Suppose that v : R — R satisfies the conditions for a (potential)
isolated discontinuity on [0, At] at 7 € (0, At). If vy, and vg have bounded derivatives
and g : R x R — R is continuous, differentiable in the second argument, and Dog is
bounded, then

(3.10) \ / Y gt di - oAt(g)] < oA,

where C' depends only on the L norms of vy, vy, and Dag. Moreover, the result

holds no matter how 7* is defined when v° = v'.

Proof. We first note that since vz, (0) = 0 and vr(At) =0, for ¢ € [0, At],

t
(3.11) oz (t)] = ]/0 i (5) ds| < ol = AL,

and similarly |vg(t)| < ||[vR]|L=At. We compute the integral of g to the left side of
the true discontinuity 7 as

/OTg(t, v(t))dt = /OTg(t, 00 + (1)) dt = /Ofg(t,vo) dt+ Ry,
where the absolute value of the remainder
Rul = | [ o600+ 00(0) = 9(6,0%) ] < [Daglioull A
< [1D2gllpe 0 ||z AL

We get a similar estimate of the integral of g to the right side of 7, namely

At At
/ g(t,v(t)) dt :/ g(t,vl)dt+ Rgr, |Rg|< ||D2g||Loo||v§%||LooAt2.

T
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Therefore, the quadrature error is

*

(3.12) ’/OAtg(t,v(t))dt—/OT* g(t,vo)dt—/TAtg(t,vl)dt‘

T At
/ g(t,vo)dt—i—RL—I—/ g(t,v')dt + Rp
0 T

T At
—/ g(t,vo)dt—/ g(t,vl)dt‘
0 T*

/ (g(t, vo) —g(t, vl)) dt + Rr + Rg

< 1D2gll = (v° = v1) (7 = 7)| + [ Dagll o ([0L [l + [[vR ]| o) A2,

It remains only to estimate 7 — 7*. We note that

Atp = /OAtv(t)dt =704+ (At — 1) vt + /OT’UL(t) dt + /Ath(t) dt,
so using (3.11),
|AtD — 70° — (At — 1) 0| < (oL llp + [[vR L) A
Recalling (3.3), we conclude that
[(r =70 =) < (WLl + [lvR o) At

Combining this with (3.12) completes the proof. d

We remark that the Theorem holds even in the case that v is actually continuous,
ie.,, 10+ v (1) = v! + vr(r). When v and g are two times differentiable, we can
improve the result.

3.2. Accuracy of DAQ in the case of smooth functions.

THEOREM 3.4. If v : R — R has two bounded derivatives and g : R x R — R is
twice differentiable with bounded derivatives, then

At
(3.13) \ | st an- a5t < oar

where C depends only on the L™ norms of v/, v", Dg, and D?g. Moreover, the result

holds no matter how 7* is defined when v° = v'.

Proof. We first recall that the trapezoidal rule applied to a function ¢(t) satisfies

At
/0 () dt = L((0) + p(AD) AL+ Rr(@)s |Re(@)] < L1l ]|w AL

Therefore the DAQ error is

At
E:/O g(t,u(t) dt — Q3 (9) = 5(9(0,0°) + g(At,v")) At — Q" (g) + Rr(g(-,v)),

|RT(9('7U))| < % ‘D2 (g('vv(')))HLooAtg'
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If vY = v!, then E simplifies independently of the value of 7* to

E = 5(9(0,0%) + g(At,0%)) At — Qg (9(-,v°)) + Rr(g(-,v))

N[

At
- %(g(O, vo) + g(AtmO))At — /0 g(t,vo) dt + Rr(g(-,v))
= RT(Q(') ,UO)) + RT(g('v U))a

and we conclude the bound stated in the theorem.
If 0 # ', we compute

T* At
E = %(g(O, ’UO) + g(At,vl))At — / g(t,vo) dt — / g(t7vl) dt + Ry (g(-,v))
0 T*
At/2 At
= / (g(O,UO) - g(t,vo)) dt + / (g(At, ! — g(t, 111)) dt
0 At/2
= [ (o)~ gle. ) de+ Relgl0)
At)2
= E1 + E2 + E3 + RT(Q(-, 1}))7
respectively.

We first estimate E; + Fo by computing

At/2 At
i+ Es = / (9(0,0) — g(t,0)) di + / (g(AL oY) — g(t, ")) dt
0 At/2
At/2 pt At pAL
= _/ / Dy g(s,v°) dsdt—l—/ Dig(s,v")dsdt
0 0 At/2 Jt

At/2 gt
= / / (D1g(At — s,v") = Dig(s,v°)) ds dt,
0 0

using the change of variables t = At — ¢ and § = At — s on the second integral of
the middle line (and replacing ¢ by ¢ and § by s). The mean value theorem in two
dimensions then gives

| By + Eof

IN

At)2 pt
]/ / ||DDlg||Loo(|At—2s|+|v17v0|)dsdt‘
0 0

LDl e (14 [[0]| =) AL,

IN

Now for E3, we see that
2l =] [ (0000 = glt. ) ] < [ Dagllie 0 = ) = At/2)1
t/2

Moreover,

1 * 1 1 L 1
(.14 (0 — o) = 3d) = (o0 — o) (S~ D)

(00 +v")) At = Ryp(v),

I
—
SH
\
N|—=
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since this is a trapezoidal approximation of . Thus

| B3| < 35| Dagllpo |v" ]| e AL,

and the proof is complete. ]

We remark that when the solution is smooth, (3.14) implies that

o — (09 +o?)

At

(3.15) ™ =1At+
The absolute value of the deviation of 7* from At/2 could be quite large, for example
at a minimum or maximum in v, where v # %(UO + o) but v° could be arbitrarily
close to v'.

4. Derivation of self-adaptive theta (SATh) schemes in one space di-
mension. We restrict to one space dimension; that is, to the governing equation

(4.1) u+ (f(w), =0, zeR, t>0.

Our computational mesh is defined by grid points -+ < z;_1/0 < Ziy1/2 < Tiq3/2 <

- and elements (or grid cells) I; = [z;_1/2,%;11/2]. For simplicity, we replace sub-
script E by 4, rather than I;.

We introduce the numerical flux function f and restrict (2.2) and (2.5) to one

space dimension. Denoting }l 12 = f the result is

Ti41/27
ntl
(1.2 e [ (- b di
. i — Uy ASL’Z‘ i i+1/2 i—1/2 )
gt n+1
=n+1 _n 1 - - t —1
(4.3) u; =y — Az, /tn (fi+1/2_fi—1/2)Wdt'

4.1. The SATh scheme using upstream weighting. When the flux function
f is monotone in u, say f’(u) > 0, then we can use simple one point upstream
weighting stabilization, i.e., fi+1/2 = f; = f(@;). We apply DAQ to the integrals in
(4.2)—(4.3) to obtain the self-adaptive theta upstream weighted (SATh-up) scheme

_n _n Atn+l <N n -n+1 N +n n —n+1 —n
(4.4) Ui+1:Ui T AL [fi +9i+1(fi+ _fi)_fi—l_eijll(fijl _fi—l)}a
~n _n Atn+1 n n 7n -n
O A e v LR AR A

— = O - )

where, for some € > 0,

~n+1 _
1oa, " — un)
7 : —n+1 —n
max | =, ———— | if [al" —ul| > e
n+1 _ < P an+1l .~ 7 7 ’
(4.6) 0;"" = 2 u;
0 if [@?tt —ap| <e.

The restriction 9?“ > 1/2 will be explained in §5.1. We take € very small (even zero)
and 6* = 1 (backward Euler) or possibly §* = 1/2 (Crank-Nicolson). We will discuss
these issues in §7 on numerical results.
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4.2. The SATh scheme using Lax-Friedrichs stabilization. For a general
flux function f, we can use Lax-Friedrichs stabilization, posed in terms of the maxi-
mum wave speed

(4.7) arp = max | f'(u)].

The numerical flux is

a 1 _ _
(48) Flum,ut) = SLF@) + Ft) — anp(ut )],
where at a point in space, v~ and u™ are left and right limits of the solution (allowing
for discontinuities). We use simple one point upstream weighting to define these
quantities, so

=, and u

(49) i+1/2 Ujt1-

Uit1/2

In this case, we approximate (4.2)—(4.3) by applying the DAQ integration formulas
(3.8)—(3.9) to obtain the self-adaptive theta Lax-Friedrichs (SATh-LF) scheme

Atn+1
410) @' =@ — {
( ) u'L ul 2AIZ

7n +1,7n+1 +n +n +1,7pn+1 +n
firn V000 (Fivr — fagn) — fia — 0770 (fily — fiz1)
—arp[ay, + Q?le(ﬂnﬂ —afy,) = 2up — 200 (Pt - ay)

i+1
O @ - w)]

K2

5 At
411) @ = ar — {
( ) ul ul 4AZ‘Z

-n —-n+1 -n -n —-n+1 -n
fi+1 + (G?Jj_ll)Q(fi—&-l 7fz'+1) 7fz‘—1 - (G?jll)z(fi—l 7fi—1)
— avr [ + O @ = ) — 207 — 2002 - a)

Ty + (O @ - )]

where (4.6) defines 7.

5. Properties of the upstream weighted scheme (SATh-up). Analysis of
the scheme using Lax-Friedrichs stabilization (4.10)—(4.11) is complicated by the fact
that waves can move in both directions. However, the upstream weighted scheme
(4.4)—(4.5) is amenable to a more straightforward analysis. We analyze the upstream
weighted scheme under a mild monotonicity condition on the flux function f, namely,
that f(0) =0 and f'(u) > 0 for u # 0.

5.1. Nonlinear stability for a monotone flux. We show that the upstream
weighted scheme (4.4)—(4.5) is stable, provided only that one sets a lower bound
on 0;’“ > 1/2. That is, it is unconditionally stable in terms of the discretization
parameters. Both the backward Euler method and the Crank-Nicolson method are
stable, so the proof does not require that we analyze carefully the definition of 0;”“1.

THEOREM 5.1. Assume that f(0) = 0 and f'(u) > 0 for all w € R (but not
identically zero). If the SATh-up scheme (4.4)—(4.5) is posed on a finite interval with
a boundary condition imposed on the left, then the scheme is stable provided that
1 Al‘i

ortt > - -
v -2 aLFAtn-H )
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where the mazimum wave speed arr is defined in (4.7). Moreover, the scheme is
unconditionally stable and independent of all problem parameters provided that 9;“’1 >
1/2.

Proof. Let
fi
o = OLLF’UJ?

0 if ur =0,

if an # 0,

f(@i) = £(0)

and note that 0] € [0, 1], since " = —
apr(al? —0)

when u?” # 0. The scheme (4.4)-

. . _ ~ 1 +n+1
(4.5) can be expanded to three equations in three unknowns @}, 't and f7

by including the equation

(5.1) 7 = agponttantt,

In this expanded form, we may view the scheme in terms of the variables
(52) gn:("'aa?—lv??—laﬁ?—lvﬂ?a}?vﬁ?a"')T

as A" = BE" + b7t where b"! represents the boundary condition. The matrices
A and B are block 3 x 3 lower triangular. The eigenvalues of the matrix A~!B are
the eigenvalues of A;le7 where Ay and By are the diagonal blocks. In terms of

\ = At"“/Awi, the ith blocks are

1 Xm0 1 —Ai(1—omth 0
(5.3) Ag= |—aprpolt? 1 0|, Ba=|0 0 0
0 N(0PTH2/2 1 L =NE=0rh2)/2 0

It is not difficult to compute the eigenvalues of A;le, and they are 0, 0, and

1-— aij\i(l — 9?+1)5?+1

5.4 =
(5:4) 1+ app 00 ort!

9

provided that the denominator does not vanish (the denominator is det A4, so the
condition is simply that A, is invertible). The scheme is stable to rounding error
provided that the absolute values of the eigenvalues are bounded by 1; that is, if
1+ aLFS\iG?H(S{LH > 0 and

-1 - OéLFj\ie;(H_l(S;nJrl S 1-— OZLFS\i(l — 9?+1)5?+1 S 1+ (XLF/A\iH?+1(5;L+1.

The upper bound holds trivially, and the lower bound holds if and only if 5;”1 =0
(and 7! is unconstrained) or
aij\iéfH -2 1 1

grtt > = T o

2OZLF5\Z‘(5:L+1 2 B CVLF5\2'6:11+1 .

In either case, 1+ aLFj\iH?HcS;LH > 0. Since 5?“ € [0, 1], the proof is complete. O
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5.2. Satisfaction of the maximum principle and TVB/TVD property in
a monotone setting. The maximum principle does not hold for the Crank-Nicolson
method, so we must analyze carefully the way in which 9?“ is set within the overall
scheme. For the analysis, we need to assume a monotone flow, as would occur for a
Riemann shock or rarefaction problem.

THEOREM 5.2. Assume that f is strictly monotone increasing and € = 0 in (4.6),
and that the SATh-up scheme (4.4)—(4.5), (4.6) is posed on a finite interval with a
boundary condition imposed on the left (so uy is given for allm). If the boundary and
initial conditions of the flow satisfy the monotone decreasing property

5.5 a<u"t vn>0 and @ <@’ , Vi>1,
0 0 7 i—1

then the scheme satisfies the mazimum principle in the sense that

(5.6) al <attt<altlt vn >0, 0> 1.

Moreover, if the inequalities involving @ are reversed, so that

(5.7) ap > aft™t Yn>0 and @d>ad , Vi>1,
then
(5.8) al >ttt > et vn >0, i > 1.

Proof. We prove the theorem by an inductive argument. The result (5.6) holds
initially where (i,n) = (i, —1) Vi > 1 and on the boundary where (i,n) = (0,n) Vn >
0, provided we define ﬁ;l =Y and u"+1 = ﬂ"“ We need to show that if it holds
for (i,n—1) and (i—1,n), then it also holds for (i,n), which will give the result for all
i and n. To be specific, for fixed ¢ > 1 and n > 0, we make the induction hypothesis
(5.9) al <ay, and wl, <a!tt o (e, al <al, <alt,

and we show (5.6) for the same ¢ and n. By (strict) monotonicity of f, we also have

(5.10) i< <
In the case that @} t! = a7, it is trivial to check that the induction continues. So
we consider the case When ?H # u}'. To handle the nonlinearity in f, we define
+n+1 -n
(2 Q?J’,l _ a? I

suppressing the index n. To handle the lower bound on 9?“ in (4.6), we define

~n+1 =

5.11 B L il )

( ) n i ,a;i+1 ’TL? -

so that @) T —un = w; (07! —n;), where we find it convenient to define w; = @' —a?,
and also A = At" ™' /Az;. Then (4.4)(4.5) can be written as

(512) (AT w = A7 - FiL) - 0N - FL)) = -AA,

(513) 2w =+ (A/2)(077)6]
:*)‘[(f *fz 1)~ (9?j11)2(}?j11*}?—1)] = —)\B.
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By (5.10), we conclude that A < 0 and B <0, and in fact A = 0 if and only if B = 0.
Now (5.12) implies that w; > 0, hence w; > 0. That is, @} < ’E?H, which gives half
of what must be shown in (5.6).

Substitute w; from (5.12) into (5.13) to obtain that

2[00 — n; + (A/2)(077)?8,] A = (1 + \76,)B.
This is a quadratic equation in 9?“,
(AAG) (0712 + (24 — MBSO+ — (24nm; + B) = 0.

If A =0, then (5.12) implies that w; = 0. But we are working in the case where
w; # 0, so we conclude that A < 0, and so also B < 0. Since §; > 0, the equation for
9?“ is strictly quadratic. The two solutions are

1 R N <

0Pt = ——— | —2A 4+ AB6S; + 1/ (2A — AB§;)% 4+ 4\AS;(2An; + B

= | Vi ) (241 + B)]
1
2MAJ;

[~ 24+ ABs; + V(24)2 + (ABs)? + 83 A250m).

The solution which adds the square root would yield a negative 9?"’1, but 9?"'1 >1/2,
so we must take the solution which subtracts the square root. Then

< ABS; ABO\2 < ABS;
ntls 7 7 . 7
(5.14)  1+A0pTe = S +\/1+(2A) + 280 > 2= > 0.

Returning to (5.12), we have that
DY S
1+ A0+ts, B
n -n+1 -n <N +n 2
_ [eij_ll(fi—l —fio) = (fi = Fiz)] _ lg(eﬂﬁl)
n Zn+1 Zn <n +n . i—1/
[(eijll)z(fijl —fi) —(fi — fifl)]di 0;
(af +b)?
- - ab? +b
—(f? — f?_l) > 0, and at least one of a and b is strictly positive (since A < 0 and

B <0). If a =0, g(¢) = b = a+ b, and otherwise the maximum of g on [1/2,c0)
occurs at # = 1. The maximum is a + b in either case, so

The function g(f) = in our case has a = (f?jll —fi ) >0and b =

1 —n+1 —n <n -n }?j_ll _f?
w; < g[(fiq —fio) = (fi = fis1)] = S——=r i,
v fi = fi
}.nJrl . }.n
and we conclude that 1 < % Since the numerator is positive by (5.10), so

also is the denominator, andzwe conélude that

=< =77 andthen J7TT < T
This then implies that @t < @', and the other half of (5.6) has been shown. This
completes the induction.
For the reverse inequalities (5.7), A > 0 and B > 0, and an entirely similar
argument gives the result (5.8). d
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As a corollary of the proof, we have the following result.

COROLLARY 5.3. Assume the hypotheses of Theorem 5.2 and that 6* € [1/2,1]

n (4.6). If ﬁg“ satisfies the monotonicity property that it lies between ul and uy ™"

Yn > 0, then 0] € [1/2,1] ¥n > 0, i > 1. Moreover, if 6* = 1, then ﬁ?“ lies
between u}' and ﬂ?“ Vn >0, Vi>1.

The corollary does not hold in general, but it holds in the case of a monotone
flow, i.e., when either (5.5) or (5.7) holds.

Proof. We prove 0?“ < 1for alln > 0 and ¢ > 1 by induction on i. By the
monotonicity assumption on ag+17 96‘“ < 1Vn > 0. So assume by induction that
07! < 1. The case of 4} = '™ leads to 87! = * < 1, so consider the case
al # u?t. We conclude that the A and B defined in (5.12)—(5.13) satisfy

n+1\2 -n+1 -n -n -n
B (00 (ficy —fin) = (fi = fis) <1
- n Zn+1 +n +n +n -

2A° 20 (T~ Fl) - (=) T2
(recalling that a = (}:ljll —fi ) and b= —(f; — i) have the same sign and both
do not vanish). We remark that if 7 > 1/2, then ; = 0 in (5.11). Since we are
trying to eliminate the case that 0;”'1 > 1, we can assume that n; = 0. Returning to
(5.14), we have that

9?“254*\/(;&)2%54)2‘;2 <5t () i st

and the induction is complete.
We now prove the result for @, "' Provided that a*! # a2,

ot g
1> > L —L
- - 0 a1
Uy Uy

To continue, assume the monotonicity condition (5.5), so that also (5.6) holds. We
artt < u!, one side of the bound on ﬁ?ﬂ. For the other bound,

conclude that u;
suppose to the contrary that ﬁ?H < 47 so that 0?“ = 1/2. Then (4.5) implies that

W = D[ - T+ G B - @R - ]

The right side is minimized by 6'"}' = 1/2, so

~n+1 _n )\ 1 -n+1 —n+1 3 -n -n _n
U; Z“i_*{*(fi _fifl)"f'*(fi_fifl)}zui'
214 4
~n+1

Thus when Q?H # ul, we conclude that @] < u, < ﬂ?“. Assuming the mono-
tonicity condition (5.7) leads similarly to the opposite inequalities.

In case 1];-”1 = u?, the right hand side of (4.4) reduces to @}'. But, by assumption,
07! = 6* = 1 in this case, so the right hand side of (4.5) also reduces to @}, which
shows that a7 = @ " = ul*+!. O

In the monotone decreasing or increasing cases of Theorem 5.2, it is straightfor-

ward to compute the total variation (TV) of @™. In the monotone decreasing case
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(5.5), it is
(5.15) TV(a") =Y |upy —ap| =) (ary —a}).

As a corollary of Theorem 5.2, we can then show that the scheme is total variation
bounded (TVB) and total variation diminishing (TVD) under appropriate hypotheses.

COROLLARY 5.4. Assume the hypotheses of Theorem 5.2. If there is a constant
M >0 such that |u| < M and |ul| < M for alln >0 and i > 0, then the SATh-up
scheme is TVDB, i.e.,

(5.16) TV(u") < 2M.
Moreover, if also ”ZLS‘H = ug, then the scheme is TVD, i.e.,

(5.17) TV(a"t) < TV(a").

Proof. In the monotone decreasing case (5.5)—(5.6), ul < ’ZL?H, which implies

that for all 7, —M < ﬂ? < ﬂ;‘ < ... <@l. The sum in (5.15) collapses, so

imax
TV(@") = lim Y (u}, —a}) <y — liminf @ < 2M.
Tmax — 00 i— Tmax —> 00
Moreover, when gyt = @,
imax
TV(@") = TV(@**) = lim > [(@, —a) - (@ - o)
max Z:1
ixnax
= i Y[ ) - (@ )
max—00 £
> (g —ug ™) — limsup(ag,  —w;t)
in]ax_)oo max max
= liminf (@} —a )>0.
i e Wimax max
The monotone increasing case (5.7)—(5.8) is shown in a similar way. |

6. Extension to higher space dimensions. Extension of low order finite vol-
ume methods to general meshes in higher dimensions is nontrivial, even using back-
ward Euler time stepping, since the classic two point flux may not be orthogonal to
the mesh element edge. However, it is easy to extend to rectangular meshes. While
this could be done using Strang splitting [17] into one dimensional problems, we dis-
cuss here a genuine multidimensional extension of the SATh scheme. We illustrate
the ideas for the scalar equation in two space dimensions, namely,

(6.1) ur + (f(u), + (g(u))y =0, (z,y)€R? t>0.

We fix a rectangular mesh of grid points by choosing -+ < z;_1/2 < ®ip1/2 <
Tigzye < and -+ < w70 < Y172 < Yjqa/2 < -+ for each coordinate direction,
and we let I;; = [Ti_1/2, Tiy1/2] X [Yj—1/2,Yj11/2)s ATi = Tip1/2 — Ti_1/2, and Ay; =
Yj+1/2 — Yj—1/2- For simplicity, we replace subscript E by ij, rather than I;;.
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Suppose that there is a shock or contact discontinuity within the space-time cell
Ii; x [t",t"T1] at time 7;;(x,y). Since we expect a low order of approximation, we

simply approximate 7;;(z, y) by a constant 7. Moreover, we assume that the solution
*., consider that

ij
is constant in space and in time on either side of 7;;- To determine 77,
tn+1

Atnﬂa;;“ = / Ui (1) dt = (7j5 —t") ajy + (" =75 altt,
tn

which implies that

_ ~n+1 ~n—+1 _
u’.‘.“ — W, - tntl _ px un —un
* n 1] 1] n+1 ) 7 J
(62) -t = AT and = g = S,

Equation (2.2) posed over I;; reduces to

1 tn+1
—n+1 —n
wemt =t — —

K Y ArAy; /tn

[ ottt — g(at 0] dm}dt.

i—1/2

{ /yjﬂ/2 [fu@ir1y2,y:t) = ful@imi/z,y:1))] dy

j—1/2

We use midpoint quadrature on each spatial interval to conclude (approximately) that

tn+1

1
(6.3) ﬂ?jﬂ = — Ar. / [f(u(@iv1y2,y5.t) — flu(@i_1)2,y5,t))] dt
1 Jn

tn+1

1
- T/ [9(u(®i,yj41/2,t)) — g(u(wi, yj—1/2,1))] dt.
Yy; Jin

We have reduced the flux integrals to two terms, each one varying only in one space
dimension. It is now straightforward to incorporate a numerical flux and apply the
DAQ rule as in the case for one dimension. Moreover, a similar procedure can be used
for (2.5).

7. Numerical results. We have theoretical proof that the SATh-up scheme
works well, but it is restricted to monotone flux functions. We show some numerical
results for SATh-up, but concentrate on the more general SATh-LF scheme (4.10)—
(4.11). Although we have no theory for this scheme, we will see that it satisfies the
results obtained for SATh-up. As should be expected, when the SATh-up scheme can
be used, it produces less numerical diffusion than SATh-LF.

In most of our figures, we plot the solution to the SATh scheme « as a black line
and % as a black dotted line. We compare SATh-LF with two other schemes, both
stabilized with the same Lax-Friedrichs numerical flux and using equivalent space
discretization, but the time stepping is either Crank-Nicolson (CN), shown in red, or
backward Euler (BE), shown in blue. Since SATh solves for both @ and %, we take
twice as many steps using the BE scheme (so it uses half the CFL number reported
for SATh). We also show the value of § in magenta. For reference, we sometimes give
light green horizontal lines at the minimum and maximum values that u may take
(usually, but not always, at u = 0 and u = 1). In the case of linear transport, we
also compare SATh-LF with an implicit TVD scheme due to Yee [18], and plot its
results in purple. Like BE, we use twice as many time steps for Yee to present a fairer
comparison to SATh.
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Yee presents several TVD flux corrected transport schemes. They are finite dif-
ference schemes based on central differencing in space and use the theta method for
time stepping. We use the linearized scheme which is fully implicit, since the partially
implicit schemes (i.e., those with § < 1) require a CFL-like time step constraint to
achieve the TVD property. The limiter function ¢ blends the higher order scheme
that uses central differencing in space with BE, which is simply upstream differencing
for the linear transport problem. We use the limiter function

Qit1/2 = rninrnod(l7 M) + minmod(l, M) —1.
Ui41 — Uj Ui+1 — Us
The unlimited scheme is unstable, but it is formally second order accurate in space
and first order in time.

Before proceeding, we remark that we will see test cases in which 8 > 1. This
seems counterintuitive to our development of DAQ, but such values of 6 arise in at
least two situations. First, when the denominator in (3.7) is close to zero, rounding
error can produce 6 > 1. This possibility has no effect on the solution, however,
since the integrals (3.8)—(3.9) are well approximated. Second, § > 1 may occur at
a peak or valley in the solution. In the notation of (3.7), a peak or valley will lead
to a mesh element where ¥ is larger or smaller than the endpoint values v° and v?,
and so 6 > 1 results. This possibility does not cause problems for the SATh scheme.
The explanation and development of DAQ given in Section 3 tacitly assumed that
0 < 6 < 1, but the theoretical results do not in fact require this assumption. The
integrals in (3.8)—(3.9) are accurately approximated by an extrapolation procedure
rather than through interpolation when 6 > 1.

Let H(x) denote the Heaviside function, which is zero for < 0 and one for x > 0.

7.1. Implementation. Before presenting the results, we make a few comments
on the implementation of the scheme. We restrict the problem to [Lg, L1] X [0, tmax]s
and we impose either a periodic boundary condition or a Dirichlet boundary condition
on both sides of the spatial interval (for simplicity of implementation). The scheme
almost always develops instabilities if § > 1/2 is not enforced. We define w; =
a! ™ —a? and v; = ﬁ?“ — a7 and solve for these variables using a straightforward
implementation of Newton’s method with the initial guess w; = 0 and v; = ﬁ? —uy.

Recall the two parameters € and 6* in the definition of 6, (4.6). We found that
the value of € has little effect on the solution, as long as it is small (say € < 107°).
The value € = 0 seems to work well, but in principle it could lead to floating point
overflow. We therefore took € = 1071%°, We also found that the value of 6* has little
effect on the converged solution. However, the first Newton iteration will use 6 = 6*
(since then w; = 0). We found that for this first iteration, taking 6* = 1 enabled
Newton’s method to converge faster. After the first Newton iteration, one can revert
to 6* = 1/2, say, if one wishes.

We define 6; as in (4.6) using a cut-off function k. That is, we let

0. — n(@i), 0; = Ui/wi if |’LUZ| > €,

e if |w;| < e
With the choice k() = mgx(l/Q,é), we recover the stated definition (4.6). Since
then «'(6) = 0.5(1 + sign(d — 0.5)) is not continuous, we took smoothed versions
of the function x, with the intent to improve the Newton convergence. We found
that smoothing x had little effect on the number of iterations. However, whatever
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instantiation of k was chosen, it was seen to be important to use its correct derivative,
even when this derivative is discontinuous. The results we present below use no
smoothing.

In Newton’s method, it is important that the implementation of the derivatives
(i.e., the Jacobian matrix) of the function (4.10)-(4.11) can handle division by w in
6 = v/w, since w can be quite small and even vanish. When |w| < €, we simply fix
6 = 0* and consider its derivatives with respect to w and v to be zero. So consider the
case when |w| > e. The terms involving § = v/w in the function (4.10)~(4.11) have a
form like T = 67 (f(w+@") — f(u")), p = 1,2, so the derivatives can be computed as

T ) - )
%*9 f'(w+a™) —pdP~ k' () 6 w ;
oT ~ un) — f(u"

B :pep_lﬁ',/(e) f(w—’—uu)) f(u )

flw+u") — f(a")

is the derivative of f at some point between w+ @™ and @”, and so it is realgonable in
size.

We determined Newton’s method had converged when the size of the Newton
update met a tolerance of 1076 times the quantity one plus the initial size of the
residual. Overall, our SATh-LF scheme converged in about 1-4 more iterations per
time step than the backward Euler scheme.

One should implement the derivatives this way, since the quantity

7.2. Linear transport in one space dimension. We consider first the linear
equation

(71) u+u, =0, Lo<xz<Ly, t>0,

with unit speed, so arr = 1. In this case, SATh-LF and SATh-up are the same
scheme, up to rounding error.

7.2.1. A contact discontinuity. We consider the linear advection equation
(7.1) with Ly = —0.1 and L; = 0.9, the boundary condition u(Lg,t) = 1 (and
u(Ly,t) = 0, but the mass does not propagate that far in the simulation), and the
initial jump condition u(z,0) = 1 — H(x) (H(z) is the Heaviside function). The
solution should be a contact discontinuity at « = t. We show the solution at time
t = 0.5 for four tests in Figure 7.1, using Az = 1/80,1/160,1/320 and At = 5Az (so
the CFL number is 5 and we use 8, 16, and 32 time steps) as well as Az = 1/160
and At = 10Az (CFL 10). As mentioned above, we plot the solution to the SATh-LF
scheme 7 as a black line and % as a dotted line. We compare the solution to standard
Lax-Friedrichs stabilized Crank-Nicolson (CN) time stepping in red. We also compare
to backward Euler (BE) in blue and Yee’s TVD scheme in purple, both of which use
twice as many time steps, i.e., CFL 2.5 and CFL 5.

We can see that Crank-Nicolson, although stable, displays excessive oscillation,
and both backward Euler and Yee’s scheme display excessive numerical diffusion.
The SATh-LF scheme, however, shows no oscillation, nearly the accuracy of CN,
and much less numerical diffusion compared to backward Euler and TVD flux-limited
scheme of Yee. The solution remains stable and monotone (cf. Theorems 5.1 and 5.2).
For reference, the value of 6 is shown in magenta. For this problem, SATh-LF uses
Crank-Nicolson (6 = 1/2) over most of the domain, but improves on backward Euler
by maintaining 1/2 < 0 < 1. (That 6 < 1 is consistent with Corollary 5.3.)
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F1G. 7.1. Contact discontinuity at t = 0.5, using Az = 1/80 (top left), Ax = 1/160 (top right),
and Az = 1/320 (bottom left) with At = 5Ax (CFL 5), as well as Ax = 1/160 (bottom right) with
At = 10Ax (CFL 10) (although BE and Yee use CFL/2).

TABLE 7.1
Contact discontinuity at t = 0.5, error and convergence order for SATh, BE, CN, and Yee
using m = 1/Ax cells and At = 5Az (CFL 5, but BE and Yee use CFL 2.5).

SATh BE CN Yee

m | Lk, err. order | LY, err. order | LY, err. order | Ly, err. order
40 | 1.045e-1 0.414 | 1.528e-1 0.328 | 1.195e-1 0.523 | 1.356e-1 0.353
80 | 7.348e-2 0.508 | 1.140e-1 0.423 | 7.740e-2 0.626 | 9.971e-2 0.444
160 | 5.066e-2 0.536 | 8.198e-2  0.475 | 4.984e-2 0.635 | 7.120e-2  0.486
320 | 3.490e-2  0.538 | 5.835e-2 0.491 | 3.313e-2 0.589 | 5.103e-2  0.481
640 | 2.411e-2  0.533 | 4.141e-2  0.495 | 2.264e-2 0.549 | 3.657e-2  0.481

We computed the total variation of SATh-LF, backward Euler, and Yee’s scheme.
As we would hope from Corollary 5.4, the total variation remained one for all three
schemes.

The computed discrete L! error and convergence order are given in Table 7.1. It
shows an order of convergence O(Awl/ 2) for all the schemes, as one should expect for
a pure contact discontinuity. In spite of the convergence theory for DAQ, we do not
see O(Azx) for SATh since 6 > 1/2 is enforced to maintain stability.

7.2.2. Convergence for a smooth problem. We test our scheme, CN, BE,
and Yee in the simple case of constant linear transport (7.1) with Ly = 0 and L, = 2,
the initial condition ug(x) = 0.5 4 sin(nz), and periodic boundary conditions. We
observe in Table 7.2 a first order rate of convergence for the schemes in the discrete L!
norm at moderate (5) CFL. At high (20) CFL, SATh and CN converge a bit better,
while BE and Yee converge a bit worse. Results in the L norm are also given in the
table.

In light of Theorem 3.4, one might have expected to see second order convergence
for SATh-LF, and moreover, third order for CN and second order for Yee. However,
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the accuracy of SATh-LF and CN are limited to first order accuracy since we use
simple one point upstream weighting. The unlimited Yee scheme (central differencing
in space) is an unstable scheme, and so flux limiting is required to maintain stability
and achieve the TVD property even for a smooth problem, making it behave more
like BE. Moreover, SATh is also limited by the stability requirement that 6§ > 1/2, so
the full accuracy of DAQ is not realized. We remark that we have observed second
order convergence in some tests when a higher order flux stabilization is used (such
as one based on WENO reconstruction); however, the maximum principle is lost in
those cases.
TABLE 7.2

Smooth linear transport error and convergence order for SATh-LF, BE, CN, and Yee at t = 2,
using m = 2/Ax mesh cells.

SATh-LF BE CN Yee

CFL 5 CFL 2.5 CFL 5 CFL 2.5

m | LY, err. order | LY, err. order | L}, err. order | LL, err. order
80 | 3.114e-1 1.041 | 7.319e-1 0.510 | 2.854e-1 0.937 | 6.244e-1 0.598
160 | 1.531e-1  1.025 | 4.453e-1  0.717 | 1.486e-1 0.941 | 3.664e-1  0.769
320 | 7.711e-2  0.989 | 2.470e-1  0.850 | 7.626e-2 0.963 | 1.992e-1 0.879
640 | 3.883e-2  0.990 | 1.303e-1 0.923 | 3.868e-2 0.979 | 1.042e-1 0.935

m Ap €rr. order Ay €rr. order A err. order X, err. order
80 | 2.953e-1  0.877 | 5.747e-1  0.509 | 2.241e-1 0.934 | 4.944e-1 0.593
160 | 1.500e-1  0.977 | 3.497e-1  0.717 | 1.167e-1  0.941 | 2.891e-1 0.774
320 | 7.371e-2  1.025 | 1.940e-1 0.850 | 5.990e-2 0.963 | 1.570e-1 0.881
640 | 3.571e-2 1.046 | 1.023e-1 0.923 | 3.038e-2 0.979 | 8.203e-2 0.936

CFL 20 CFL 10 CFL 20 CFL 10

m | L, err. order | LY, err. order | LY, err. order | Ly, err. order
80 | 9.159e-1 0.503 | 1.205e-0 0.161 | 1.103e-0 0.964 | 1.184e-0 0.187
160 | 4.149e-1 1.142 | 9.381e-1 0.361 | 3.799e-1 1.538 | 9.042e-1  0.389
320 | 1.448e-1 1.519 | 6.237e-1  0.589 | 1.224e-1 1.634 | 5.947e-1 0.605
640 | 4.781e-2  1.598 | 3.655e-1 0.771 | 4.590e-2 1.415 | 3.437e-1 0.791

m | LY, err. order X err. order X, err. order X, err. order
80 | 6.921e-1 0.571 | 9.467e-1  0.159 | 8.656e-1 0.967 | 9.318e-1  0.186
160 | 3.819e-1  0.858 | 7.368e-1 0.362 | 2.984e-1 1.537 | 7.126e-1  0.387
320 | 1.805e-1  1.081 | 4.898e-1 0.589 | 9.615e-2 1.634 | 4.675e-1  0.608
640 | 8.228e-2 1.133 | 2.871le-1  0.771 | 3.605e-2 1.415 | 2.705e-1  0.789

7.2.3. Shu’s linear test. We next consider a standard test problem [9], often
called Shu’s linear test. The initial profile is defined over x € [0, 2], contains discon-
tinuous jumps and smooth regions, and imposes periodic boundary conditions. The
test is designed for high order methods, so we should not expect to see particularly
good results, but only some improvement for SATh over the backward Euler results.

The results are shown in Figure 7.2, where we have used Az = 1/320 and advanced
to time ¢ = 2, which is one period. The initial profile is shown in green (and is the
exact solution at ¢ = 2). The left plot uses CFL 0.5, and SATh-LF and CN give
essentially the same solution (i.e., the red line is covered by the black line). We also
show forward Euler (FE) in cyan, which of course is more accurate than most of the
implicit schemes, although Yee’s scheme is slightly better than FE in this test (recall
that Yee uses twice the number of time steps).
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Fic. 7.2. Shu’s linear test at t = 2, using Az = 1/320 and At = Az/2 (CFL 0.5) on the
left and At = 8Ax (CFL 8) on the right (although BE and Yee use half the CFL step). The true
solution is shown in green, and forward Euler (FE) results on the left are shown in cyan. The total
variation for SATh-LF, BE, and Yee are shown on the bottom.

The right plot uses CFL 8. As expected, there is significant numerical diffu-
sion; however, we see considerable improvement for SATh-LF (black) over BE (blue).
Moreover, SATh-LF shows little degradation from CN (red) for the larger CFL, but
this is not so for BE. Yee’s scheme (purple) reverts closer and closer to BE as the CFL
increases (and more limiting is needed). One should note that # > 1 often occurs at
a local extrema in the solution.

The total variation for SATh-LF and BE are shown on the bottom line of Fig-
ure 7.2. The SATh-LF, BE, and Yee schemes display the TVD property for this
example, with SATh-LF dissipating the total variation at a better (i.e., slower) rate
than BE, and much better than Yee’s scheme at the higher CFL.

7.3. Burgers equation in one space dimension. Next we consider Burgers
equation with the flux function f(u) = u?/2, i.e.,

(7.2) up +uuy, =0, Log<x <Ly, t>0.

7.3.1. A Riemann shock. The first test is for a Riemann shock, implemented
as in the case of a contact discontinuity above (Lop = —0.1, L; = 0.9, u(z,0) =
1 — H(x), u(Lo,t) = 1, and u(Lq,t) = 0). For this problem, ap = 1. We show
the results in Figure 7.3, for a test at CFL 4 and both low (Az = 1/20), medium
(Az = 1/40), and high Az = 1/80) resolution. We also show Az =1/40 at CFL 8.

We see results similar to the contact discontinuity. The three schemes correctly
predict the speed of the shock. SATh-LF has less numerical diffusion compared to
backward Euler, and predicts the shock about as well as CN, which oscillates un-
acceptably. The SATh-LF solution remains stable and monotone (as suggested by
Theorems 5.1 and 5.2). The total variation also remains 1 for both SATh-LF and BE
at CFL 4 and 8. At the higher CFL, we see a degradation in the overall approxima-
tion for all three schemes, but the comparisons remain the same (i.e., SATh-LF is the
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most accurate without introducing oscillatory behavior).

At very high CFL (greater than about 10), we have difficulty solving the equations,
but it appears that the SATh-LF solution may not be TVD. A slight oscillation arises
at the location of the shock at the first time step, with the total variation being 1.005.
The second time step appears to be fine, and the solution is TVD from then on. If
SATh-LF is TVD, it may be so only with some conditions.

We remark that we also ran this example with the SATh-up scheme. We found
that Theorem 5.2 and Corollary 5.4 hold as expected. The solution remains monotone
and the total variation is one, even with tests using CFL 200.
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F1G. 7.3. Burgers Riemann shock discontinuity at t = 1, using Az = 1/20 (top left), Az = 1/40
(top right), and Az = 1/80 (bottom left) with At = 4Ax (CFL /), as well as Az = 1/40 (bottom
right) with At = 5Ax (CFL 8) (although BE uses CFL/2).

The contact discontinuity and the Riemann shock differ in the observed conver-
gence rate. As shown in Table 7.3 for CFL 4, the SATh-LF scheme convergences
with first order accuracy. As is well known, the shock is in some sense self-sharpening
(since characteristics converge at the shock), and so this problem is actually better
behaved than the contact discontinuity of Table 7.1.

TABLE 7.3
Burgers Riemann shock at t = 1.0, error and convergence order for SATh-LF, BE, and CN
using m = 1/Azx and At = 4Ax (CFL 4, BE uses CFL 2).

SATh-LF BE CN
m | Lk, error order | Ly, error order | LY, error order
20 | 8.724e-02 —— | 1.047e-01 —— | 8.150e-02 ——

40 | 4.443e-02  0.973 | 5.529e-02 0.921 | 4.105e-02  0.989
80 | 2.225e-02  0.998 | 2.792e-02 0.986 | 2.055e-02  0.998
160 | 1.112e-02 1.001 | 1.396e-02 1.000 | 1.028e-02  0.999
320 | 5.562e-03 0.999 | 6.982e-03 1.000 | 5.138e-03  1.001
640 | 2.781e-03  1.000 | 3.491e-03 1.000 | 2.569e-03  1.000
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TABLE 7.4
Burgers Riemann shock at t = 1.0, computational efficiency study.

Scheme At CFL CPU time Average number

(us) of Newton iterations
SATh-LF  1/20 4 1364.65 5.05
BE 1/40 2 770.90 4.00
BE 1/100 0.8 1471.15 3.03

We use this problem to conduct a study of the computational efficiency of SATh-
LF versus BE. For this test, we implemented the schemes using the C++ programming
language and used identical programming style for each scheme. The linear systems
are solved using the LAPACK [1] double precision banded solver routine. We ran the
simulations using a fixed Az = 1/80 and final simulation time ¢ = 1.0. (The solutions
were depicted earlier in Fig. 7.3, lower left.)

We report measurements in Table 7.4, which gives the overall CPU time used by
the computer program for each scheme (in microseconds) and the average number of
Newton iterations used per time step. The CPU time varies from run to run, but we
reported typical average values. We compare SATh-LF using At = 1/20 (CFL 4) and
BE using both At =1/40 (CFL 2) and At = 1/100 (CFL 0.08). The latter test was
chosen because the SATh-LF and BE schemes produce nearly the same solution for
At =1/100 (although there is still slightly more numerical dissipation for BE), while
At =1/80 (CFL 1) gave noticeably different solutions. As one can see, the SATh-LF
scheme is relatively efficient compared to BE. For the same quality of solution, it is a
little faster than BE, which requires a CFL below 1 in this test.

TABLE 7.5
Burgers Riemann rarefaction at t = 0.25, L' and L™ error and convergence order for SATh-
LF, BE, and CN using m = 1/Ax cells and At = 5Ax (CFL 5, BE uses CFL 2.5).

SATh-LF BE CN

m | Lk, error order | Ly, error order | LY, error order
40 4.658e-02  0.759 | 5.068e-02 0.736 | 3.958e-02 0.862
80 2.716e-02 0.778 | 2.978e-02 0.767 | 2.247e-02 0.817
160 | 1.562e-02 0.798 | 1.799¢-02 0.727 | 1.325e-02 0.762
320 | 8.858e-03 0.818 | 1.104e-02 0.704 | 7.661e-03 0.790
640 | 4.962e-03 0.836 | 6.761e-03 0.707 | 4.359e-03 0.814

m A, error order A €rror order X, error  order
40 | 1.892e-01 0.315 | 2.221e-01 0.218 | 1.671e-01  1.388
80 | 1.495e-01 0.340 | 1.839e-01 0.272 | 1.265e-01  0.402
160 | 1.146e-01 0.384 | 1.478e-01 0.315 | 1.016e-01  0.316
320 | 8.568e-02  0.420 | 1.159e-01 0.351 | 7.890e-02  0.365
640 | 6.285e-02  0.447 | 8.919e-02 0.378 | 5.936e-02  0.411

7.3.2. A Riemann rarefaction. We also consider Burgers equation with a Rie-
mann rarefaction, implemented as u(0,t) = 0, u(1,f) = 1, and u(z,0) = 1. Again
arr = 1. We show the results for CFL 5 in Figure 7.4 using Az = 1/40 and Az = 1/80
resolution. All three schemes work reasonably well, although CN oscillates unaccept-
ably and SATh-LF has less numerical diffusion than backward Euler. The SATh-LF
solution remains stable and monotone (as suggested by Theorems 5.1 and 5.2 and



A Self-Adaptive Theta Scheme using Discontinuity Aware Quadrature 23

Corollary 5.3). The total variation also remains 1 for both SATh-LF and BE. The
rate of convergence of SATh-LF in both the discrete L' and L° norms is given in
Table 7.5 for CFL 5. It appears to be approaching a convergence rate of 1 in L' and
1/2 in L as Az is refined.
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FiGc. 7.4. Burgers Riemann rarefaction at t = 0.25, using Az = 1/40 (left) and Az = 1/80
(right) and At = 5Az (CFL 5) (although BE uses half the CFL step).

7.3.3. Shock formation. Finally, we can simulate shock formation by, e.g.,
imposing periodic boundary conditions and the initial sine wave condition ug(x) =
0.5 + sin(mx) over z € [0,2]. For this problem, the solution lies in the interval
[—0.5,1.5], so arr = 1.5 and the characteristics move in both the positive and nega-
tive directions. The shock forms at time 1/7 = 0.318. Results are shown in Figure 7.5
for Az =1/100 and CFL 5 at times 0.2, 0.4, and 0.6. The shock forms cleanly, with
SATh-LF giving a solution about as accurate as CN, although the CN solution oscil-
lates a bit, and the BE solution is more diffuse. The total variation should remain
constant until the shock forms (it reduces a little), and it should reduce after the
shock forms (as it does). In both regimes, however, SATh-LF improves on the BE
results.
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Fic. 7.5. Burgers shock formation, using Az = 1/100 and At =1/30 (CFL 5) at timest = 0.2,
t = 0.4, and t = 0.6, and the total variation. In this figure, the horizontal green reference lines are
at w= —0.5,1.5.
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TABLE 7.6
Before Burgers shock formation, L' error and convergence order for SATh-LF at t = 0.3 (just
before the true shock forms att =1/m = 0.318) using m = 2/Ax cells and CFL 5 and CFL 25.

CFL 5 CFL 25

m | LY, error order ‘ LY, error order | LY, error order ‘ L3, error order
100 | 5.388e-2 —— | 2.136e-1 1.053e-1  —— | 3.235e-1 ——
200 | 3.018e-2 0.836 | 1.561e-1 0.453 | 5.472e-2 0.944| 2.779%-1 0.219
400| 1.601le-2 0.915| 1.078e-1 0.534| 2.555e-2 1.099| 1.995e-1 0.478
800 | 8.380e-3 0.934| 7.076e-2 0.608| 1.140e-2 1.164| 1.228e-1 0.700

In Table 7.6 we give the discrete L' and L™ errors and convergence order for
the SATh-LF scheme. The results are at t = 0.3, which is just before the true shock
forms at ¢ = 1/7 = 0.318. Results for CFL 5 and CFL 25 are presented, and both
sets of results show first order convergence in L'. The L convergence order seems to
approach one as the mesh is refined (i.e., as the smooth but steep front is resolved).

7.4. Buckley-Leverett equation in one space dimension. Next we consider
the Buckley-Leverett equation

u2

(73) Ut + f(u)z = O7 << 1, t> 0, where f(u) = m

We consider two problems with u € [0,1], so aLp = 2.

7.4.1. A Riemann problem. We apply an initial jump at x = 0 by setting
u(0,t) = 1 and u(x,0) = 0, and a shock followed by a rarefaction is produced. The
results at ¢ = 0.5 are shown in Figure 7.6 using Az = 1/40 and At = Az (CFL 2)
and Az = 1/80 and At = 2.5Az (CFL 5). The three schemes perform similarly
for the low CFL test, although BE is more diffusive. For the higher CFL test, the
higher order CN scheme is able to capture the transition from the rarefaction to the
shock (occurring at about z = 0.6) better than the low order methods. However,
the CN solution has an unphysical oscillation there. The SATh-LF scheme clearly
outperforms BE (and we remind the reader, BE is using half the CFL number).
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Fi1G. 7.6. A Buckley-Leverett rarefaction and shock at t = 0.5, using Az = 1/40 and At = Ax
(CFL 2) on the left and Az = 1/80 and At = 2.5Ax (CFL 5) on the right (although BE uses half
the CFL step).
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7.4.2. A problem of merging pulses. The next example for the Buckley-
Leverett flux function uses the initial condition

1—-20x for 0 <z <0.05,
(7.4) uo(z) =405 for 0.25 < x <04,
0 otherwise.

Two pulses merge over time, which gives rise to an interaction of shocks and rarefac-
tions. We use Az = 1/120 grid elements and At = 1.5Az (CFL 3). The results at
times ¢ = 0.15,0.3,0.45 are shown in Fig. 7.7 for the Lax-Friedrichs schemes. We also
show in Fig. 7.8 results for the upstream schemes, which are less diffuse and so give
better results. The fine scale CN-up scheme (Az = 1/1200, At = Az) is shown in
light green, and it is considered the reference solution. All six schemes handle the
merging of the two pulses reasonably well. For each stabilization (LF or upstream),
the CN results are sharpest, but the solution oscillates, and much worse so as the
CFL number increases.

Fine scale simulations show that the right-most pulse is overtaken by the left one
at about ¢t = 0.5 (i.e., two shocks merge into one at this time). The BE results are so
diffuse that the second pulse is lost at t = 0.4, while SATh and CN lose it at about
t = 0.45. Moreover, BE dissipates the total variation faster than SATh, although
both are TVD. Overall, in this test SATh-LF and SATh-up reproduce the solution to
adequate accuracy without oscillation.
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Fia. 7.7. A Buckley-Leverett example of merging pulses using Laz-Freidrichs stabilization,
Az = 1/120 and At = 1.5Az (CFL 3, BE uses half the CFL step). The fine scale CN-up scheme
(Az = 1/1200, At = Ax) is used to produce the reference solution, shown in light green. Also shown
1s the total variation for BE-LF and SATh-LF.

7.5. A non-monotone flux function in one space dimension. The theory
we developed for SATh-up depended on the monotonicity of the flux function. We
consider next a flux function that is not monotone, namely,

64
(7.5) ug+ f(u), =0, —01<2<0.9,¢t>0, where f(u)= E(ug—fu —|——u).
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Fic. 7.8. A Buckley-Leverett example of merging pulses using upstream stabilization, Ax =
1/120 and At = 1.5Ax (CFL 3, BE uses half the CFL step). The fine scale CN-up scheme (Ax =
1/1200, At = Ax) is used to produce the reference solution, shown in light green. Also shown is the
total variation for BE-up and SATh-up.

When u € [0, 1], one can verify that ay = 1. The graph of f(u) appears in Figure 7.9
on the top right. The flux is far from being monotone; moreover, it is not convex.
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Fi1G. 7.9. A non-monotone flur. On the top left is the reference solution at t = 0.6 using
Az = 1/1280 and At = Az (CFL 1). Forward Euler (FE) time stepping gives the same result,
plotted in cyan (although it is not really visible). On the top right is the fluz function. On the
bottom s the solution at t = 0.6 (left) and t = 6 (right) using Ax = 1/80 and At = 8Ax (CFL 8),
although BE wuses half the CFL step.

The results also appear in Figure 7.9 for the standard jump problem w(—0.1,¢) =
1, 4(0.9,t) = 0, and u(z,0) = 1—H(z). The top left can be considered as the reference
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solution at ¢t = 0.6. It uses Az = At = 1/1280 (CFL 1), and all schemes produce the
same solution, including forward Euler. Results for CFL 8 are given in the bottom
left, where one sees that BE is the most diffuse and CN overshoots. However, the
solution is well behaved for all schemes to t = 6, shown in the bottom right.

Interestingly, the value of 6 seems to oscillate at ¢ = 6 after the steep front, i.e.,
to the left of x = 0.4. However, the solution is constant in this region, so a?“ —ay
is zero to rounding error and 6’;”'1 is poorly defined by (4.6). In fact, the solution
oscillates a bit on the order of rounding error, and since we used ¢ = 107%0, we
compute a value for # rather than reverting to 6*. If one uses € = 1079, there are no
oscillations in 6 (i.e., § = 6*) and we observe less rounding error in the solution. But
this issue has no effect on the quality of the solution % and %. The SATh-LF scheme
is stable for this problem, and the solution has no oscillation in the sense that the
total variation for SATh-LF (and BE) remains 1 to rounding error for all time. This
test suggests that our theory might extend to non-monotone fluxes.

7.6. Problems in two space dimensions. Finally, we consider problems in
two space dimensions (6.1). We report results of the Lax-Friedrichs stabilized scheme
SATh-LF and BE using a uniformly spaced rectangular mesh. The maximum wave
speeds in each direction are apr = max, |f’'(u)| and Srr = max, |’ (u)|.

7.6.1. Linear transport in two space dimensions. We consider the problem
(7.6) uFu;+u, =0 for0<z<l 0<y<l,

1 for0<a<0.25 0<y<0.25,
0 otherwise,

(7.7) u(z,y,0) = {

and impose u(z,y,t) = 0 on the boundary. For this problem, apr = Srr = 1. The
true solution is a square of height one that moves diagonally across the domain.

Fic. 7.10. Linear transport in two space dimensions. Shown is u(z,y,t) with Ax = Ay = 1/100
at t = 0.04,0.12,0.36 for SATh-LF (top row, At = 1/25, CFL = /, at step 1, 3, and 9) and BE
(bottom row, At =1/12.5, CFL = 2, at step 2, 6, and 18).

The results are given in Fig. 7.10 using Az = Ay = 1/100. SATh-LF uses
At =1/25 (CFL = 4) and we see the solution at steps 1, 3, and 9 (times 0.04, 0.12,
and 0.36). BE uses half the time step (CFL=2) but shows the solution at the same
times. Clearly the BE results display much more numerical diffusion. In fact, the
height of the solution is 0.834 for SATh-LF but only 0.663 for BE.
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7.6.2. Burgers equation in two space dimensions. We now consider the
two dimensional Burgers equation

(7.8) up + (u?/2), + (u?/2), =0 for0<z<1, 0<y<l.
We impose the initial condition u(z,y,0) = 0 and a boundary condition imitating a

Riemann shock, namely, u(0,y,t) = u(z,0,t) = 1 and u(1,y,t) = u(z,1,t) = 0. For
this problem, arp = Brr = 1.
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Fic. 7.11. Burgers equation in two space dimensions. Shown is u(z,y,t) for SATh-LF at
t = 0.2,0.5,1.0, and the backward Euler result at t = 1.0. The test uses Az = Ay = 1/40,
At =1/10 (CFL = 4). Also shown are cross section comparisons of the front at times t = 0.5 and
t =1.0, SATh-LF in black and BE in blue.
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Results for SATh-LF are shown in Figure 7.11, using Az = Ay = 1/40, At = 1/10
(CFL 4). The solution is shown at times ¢ = 0.2,0.5,1. The solution of the scheme
never goes above one nor below zero. Moreover, there is a bit less numerical diffusion
compared to backward Euler, shown at time ¢ = 1. Also shown are the x = y cross
sections at ¢ = 0.5 and t = 1 for both schemes. We remark that similar results are
obtained for this problem using linear transport and the Buckley-Leverett flux.

Finally, we impose a more challenging initial condition given by Jiang and Tadmor
[10] involving the “oblique” data given on [0,1]? by

0.5, z < 0.5,y <0.5,
0.8, x> 0.5,y <0.5,
—0.2, z < 0.5,y > 0.5,
—1.0, x> 0.5,y > 0.5.

(7.9) u(z,y,0) =

To avoid effects of the boundary conditions, we used the larger region [0,2]? and
adjusted the initial condition to center the transition lines. We report only the interior
[0.5,1.5]%. The challenge of this Riemann problem with shocks and rarefactions is to
avoid oscillation. Indeed, good results are obtained, as shown in Fig. 7.12 at t = 0.5
on a 160 x 160 mesh and At = 4Az (CFL 4) for SATh-LF and At = 2Az (CFL 2)
for BE. No oscillation whatsoever is observed. Moreover, the contour plot in Fig. 7.12
shows that BE is more diffusive.
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F1G. 7.12. Burgers equation with “oblique” initial data (7.9) at t = 0.5 using m = 160 and CFL
4 for SATh-LF and CFL 2 for BE. Also shown is a contour plot of both superimposed with BE in
blue (with 20 lines from —0.9 to 0.9).

8. Summary and conclusions. We developed a discontinuity aware quadrature
(DAQ) rule (Definition 3.2). It uses the values of the (potentially) discontinuous
function v(¢) at the ends of the interval of integration as well as its average value. For
a smooth function g(t, v),

o o & O
/0 gt v(t)) di ~ / g(t,v(0)) dt + / gl u(AD)dh T = R o)

The rule is accurate to order O(At?) when there is a discontinuity (Theorem 3.3),
and O(At?) when the solution is smooth (Theorem 3.4), even when v(At) = v(0) and
7 cannot be defined.

The hyperbolic conservation law (expressed either by the principle of mass con-
servation (2.3) or the differential equation (1.1)) controls both the local space averages
at specific times, u”“7 and the local space-time average, ﬁ?ﬂ. With these quanti-
ties, the DAQ rule can be applied (implicitly) to a finite volume approximation of
the conservation law. The result is a theta time stepping scheme with an implicit
definition of 0, i.e.,

~n+1 —n
6" = max (1 i U )
i ) :

—n+1 =T
2 uim — g

Two versions of the self-adaptive theta (SATh) scheme were presented, SATh-up using
upstream numerical stabilization (4.4)—(4.5), and SATh-LF using the Lax-Friedrichs
numerical flux function (4.10)—(4.11). These schemes were also extended to two space
dimensions on rectangular meshes (§6).

For a monotone flux function, the upstream weighted scheme was amenable to
analysis. We showed that SATh-up is unconditionally stable (provided only that
9?“ > 1/2, Theorem 5.1). If the initial and boundary conditions satisfy a monotone
decreasing or increasing property, then SATh-up will satisfy the maximum principle,

e., it gives an approximate solution that has the monotonicity property for all space
and time (Theorem 5.2). Moreover, the numerical solution is TVB, and TVD if the
boundary conditions do not initiate oscillation (Corollary 5.4).

For general flows one needs to use the SATh-LF scheme. We assessed its accu-
racy through numerical examples in one and two space dimensions. These results
suggested that SATh-LF is also stable and satisfies the maximum principle, possi-
bly even for non-monotone flux functions, at least for reasonable CFL numbers. We
compared SATh-LF solutions to those of the schemes using Crank-Nicolson (CN) and
backward Euler (BE) time stepping. In general, CN was oscillatory and BE was nu-
merically diffuse, while SATh-LF gave solutions that were often near the accuracy
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of CN but without oscillation, and less diffuse than BE. One might say that SATh
should be viewed as a better backward FEuler scheme, in the sense that it has reduced
numerical dispersion while continuing to satisfy stability, the maximum principle, and
TVD/TVB properties. It is suitable for direct use, or for use in higher order flux-
limited or flux corrected transport schemes. We plan to explore this latter use in a
forthcoming paper.

We end with a brief discussion of the issues regarding extension of SATh to handle
systems of hyperbolic equations. The different system variables of the true solution
all produce a shock at the same place in space and time, so 7 in Section 3 would
be well defined. However, the numerical solution may not have this property. Each
system variable may predict a shock in a somewhat different location than the other
variables. This leads to multiple numerical predictions of 7%, and the resulting 6’s. We
expect that the issue can be overcome by using an average 6, or by further resolving
the shock structure (in time). We plan to explore this issue in a future paper.
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