STRONG STABILITY PRESERVING PROPERTY OF THE
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ABSTRACT. In this paper, we study the strong stability preserving (SSP) prop-
erty of a class of deferred correction time discretization methods, for solving the
method-of-lines schemes approximating hyperbolic partial differential equations.

1. INTRODUCTION

In this paper, we are interested in the numerical solutions of hyperbolic partial
differential equations (PDEs). A typical example is the nonlinear conservation law

A commonly used approach to design numerical schemes for approximating such

PDEs is to first design a stable spatial discretization, obtaining the following method-
of-lines ordinary differential equation (ODE) system

(1.2) w = L(u)

to approximate (1.1). Notice that even though we use the same letter u in (1.1) and
(1.2), they have different meanings. In (1.1), u = u(z,t) is a function of = and ¢,
while in (1.2), v = u(t) is a (vector) function of ¢ only. Stable spatial discretization
for (1.1) includes, for example, the total variation diminishing (TVD) methods [6],
the weighted essentially non-oscillatory (WENQO) methods [7], and the discontinuous
Galerkin (DG) methods [1]. In this paper, we assume that the spatial discretization
(1.2) is stable for a first order Euler forward time discretization

(1.3) u"tt =" + AtL(u")
under a suitable time step restriction

(1.4) At < Aty.

This stability is given as

(L5) [ < e
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2 Strong stability preserving property of the deferred correction time discretization

for a suitable norm or semi-norm || - ||. For the TVD schemes [6], || - || is taken as
the total variation semi-norm. For technical reasons, we would also need a different
but closely related spatial discretization to (1.1):

(1.6) ue = L(u)
with the property that the following first order “backward” time discretization
(1.7) "t =" — AtL(u")

is stable in the sense of (1.5) under the same time step restriction (1.4). For the
conservation law (1.1), the operator L can often be obtained simply by reversing
the wind direction in the upwind approximation. We refer to, e.g. [11], [7] and [1]
for such implementation in ENO, WENO and DG methods.

Even though the fully discretized scheme (1.3) is assumed to be stable as in (1.5),
it is only first order accurate in time. For a high order spatial discretization such
as in the WENO and DG methods, we would certainly hope to have higher order
accuracy in time as well. A higher order time discretization for (1.2) is called strong
stability preserving (SSP) with a CFL coefficient c, if it is stable in the sense of (1.5)
under a possibly modified time step restriction

SSP time discretizations were first developed in [10] for multi-step methods and in
[11] for Runge-Kutta methods. They were referred to as TVD time discretizations
in these papers, since the semi-norm involved in the stability (1.5) was the total
variation semi-norm. More general SSP time discretizations can be found in, e.g.
[4, 12, 13, 3]. The review paper [5] summarizes the development of the SSP method
until the time of its publication.

In this paper we study the SSP property of a newly developed time discretization
technique, namely the (spectral) deferred correction (DC) method constructed in
[2]. An advantage of this method is that it is a one step method (namely, to march
to time level n 4+ 1 one would only need to store the value of the solution at time
level n) and can be constructed easily and systematically for any order of accuracy.
This is in contrast to Runge-Kutta methods which are more difficult to construct
for higher order of accuracy, and to multi-step methods which need more storage
space and are more difficult to restart with a different choice of the time step At.
Linear stability, such as the A-stability, A(«)-stability, or L-stability issues for the
DC methods were studied in, e.g. [2, 8, 14]. However, for approximating hyperbolic
equations such as (1.1) with discontinuous solutions, linear stability may not be
enough and one would hope the time discretization to have the SSP property as
well.

The (s 4+ 1)-th order DC time discretization to (1.2) that we consider in this
paper can be formulated as follows. We first divide the time step [t",¢"™!] where
"1 = "+ At into s subintervals by choosing the points ™ for m = 0,1, -- - , s such
that t" = t© <t < ... <M <o < #8) = 1+ We use AtM) = M+ —¢(M) ¢4
denote the sub-time step and ul((m) to denote the k-th order approximation to u(t™).
The nodes t(™ can be chosen equally spaced, or as the Chebyshev Gauss-Lobatto
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nodes on [t",t"™!] for high order accurate DC schemes to avoid possible instability
associated with interpolation on equally spaced points. Starting from u", the DC
algorithm to calculate u"** is in the following.

Compute the initial approximation:
u(o) — "
o =u".
Use the forward Euler method to compute a first order accurate approxi-

mate solution u; at the nodes {t(M}S _ :

For m=0,--- ,s—1

(1.9) WY = ™A™ L (™),

Compute successive corrections:

Fork=1,---,s
(0)

Ut = u".
Form=20,--- ,s—1
(1.10) ult ) =l G AE™ (L) — Luf™)) + I3+ (L(uk)),
where
(1.11) 0<h <1

and IM*T(L(uy)) is the integral of the s-th degree interpolating polynomial on the
s+1 points (), L(ul((!)))!szo over the subinterval [t(™) #(M*D] which is the numerical
quadrature approximation of

t(m+1)

(1.12) /t L(u(r))dr.

(m)
Finally we have u"*! = uszl

The scheme described above with ¢ = 1 is the one discussed in [2, 8]. In [14], the
scheme is also discussed with general 0 < ¢ < 1 to enhance linear stability. The
term with the coefficient 6x does not affect accuracy.

In the next three sections we will study the SSP properties of the DC time dis-
cretization for the second, third and fourth order accuracy (s = 1,2, 3), respectively.
In section 5 we will provide a numerical example of using the SSP DC time dis-
cretizations coupled with a WENO spatial discretization [7] to solve the Burgers
equation. Concluding remarks are given in section 6.

2. SECOND ORDER DISCRETIZATION

For the second order (s = 1) DC time discretization, there is no subgrid point
inside the interval [t",t""!]. We can easily work out the explicit form of the scheme

) =" 4 AtL(u")
(2.1) 1
Un+1 = Un —+ §At (L(Un) + L(Ugl))>
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Notice that this is exactly the optimal second order SSP Runge-Kutta scheme orig-
inally given in [11] and proven optimal for the SSP property among all second order
Runge-Kutta schemes in [4]. The CFL coefficient ¢ in (1.8) for this scheme is 1.

Even though the SSP property for the scheme (2.1) was already proven in [11, 4],
we will prove it again here to illustrate the approach that we will use also for higher
order DC time discretizations. This approach was used in [12] to study SSP Runge-
Kutta methods. The first equation in (2.1) is already in Euler forward format. The
idea of the proof is to write the second equation in (2.1) as a convex combination of
Euler forward steps. That is, for arbitrary a;, as satisfying

(22) (0%} > 0, (6%)) > 0, o1+ Qg = 1,

we rewrite the second equation in (2.1) as
n+1 n, L n n, 1 (1)
u" = aqu + QAtL(u )+ au + QAtL(u1 )

and substitute the first equation in (2.1) into the asu™ term of the equation above
to obtain

1-— 20[2
n+1 __ n
: =
(2.3) u o (u +

aq

AtL(u”)) + a (uﬁ” - LA1tL(u§”))

20[2
Clearly, this is a convex combination of two Euler forward steps. By assumption,
the first order Euler forward step (1.3) is stable in the sense of (1.5) under the time
step restriction (1.4), hence it is clear that (2.3) is stable in the sense of (1.5) under
the modified time step restriction

1 — 2 1
At < Aty, —At < Aty.
(0%} Qg

Notice that «ay, as are arbitrary subject to (2.2), hence the CFL coefficient ¢ defined
in (1.8) for the step (2.3), hence the scheme (2.1), to be SSP is

(2.4) ¢ = max min{ 20 : 2042}
1—2a9
where the optimization is taken subject to the constraint (2.2). As in [12], we
reformulate the optimization problem (2.4) as
= =Py
subject to the constraint (2.2) and
(2.6) 201 > z(1 = 2a), 2009 > 2.

We then use the Matlab routine “fminicon” to obtain the solution ¢. The Matlab
routine produces the optimal solution ¢ = 1 achieved at oy = ap = % This is the
same result as the one already obtained in [4] theoretically. Of course, for this simple
optimization problem, it is not necessary to use the Matlab routine. However for
the more complicated optimization problems later associated with higher order DC
schemes, the usage of this Matlab routine will be helpful.
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We remark that the sole purpose of writing the second equation of (2.1) into the
mathematically equivalent but more complicated form (2.3) is to obtain the optimal
CFL coefficient ¢ in (1.8) for the provable SSP property of the scheme (2.1). In
actual computation we would use (2.1) since it is simpler to implement.

3. THIRD ORDER DISCRETIZATION

For the third order (s = 2) DC time discretization, there is only one subgrid
point inside the interval [t",t"™!]. By symmetry, this point should be placed in the
middle, that is, @ = ", () =" + LA¢, ¢ = ¢"*1. We can then easily write out
the explicit form of the scheme

(3.1)
1
WV ="+ iAtL(un)

1
u§2> = ugl) + —AtL(ugl))

5 2 1
ud) = u" + At(12 (u”)+§L(u§”)——12L(u<f>)>
1 1 2 5
u$?) = uf) + 9@5( (ud) — L(uﬁl))>+—At ——L(u") + S L) + = L)
2 12 3 12
5 2 1
uf) = u" + At(12 (u”)+§L(u§”)——12L(u<;>))

12 3 12
For our analysis, the following equivalent form of the scheme is more convenient:
(3.2)

=) S0 (L0 - ) + e (o2 + 52l + 2

ulV) = AtL( ")
) =l 4 AL ")
1 ) 2
ul) =u" + 2At (12 (u) + §L(u§1)) — —L(uf)))
1 1 1
u$) =" +26’1At< (us") — L(u(ll))) + At (—L(u”)+—L( ) + ~L(u >))

1 ) 2 1
uy) =u" + AL (12L(u”) + = L(uy)) - —L(ug”))

3 3 3

We now attempt to rewrite each equation in (3.2) as a convex combination of
forward (or backward) Euler steps, as in the previous section. The first two equations

" = " 16’2At< Lu$?) = L(u (”)) + At(l (u ”)+%L(u§”)+}L(u§2)))
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are already of the forward Euler type and would be SSP for a CFL coefficient ¢ = 2.
We would need to write the remaining equations for ug), u§2>, uél) and u"*! into
convex combinations of forward (or backward) Euler steps. We present the details
of this procedure for the last equation involving u"*! only, as the process is similar
for the other equations.

To this purpose we take
(3.3) (2)>O (%>O 04:(3%>004§220, 04:(3%+04(2)+04:(3§+a(2):1,
and further
(3.4) B 20, 83 =0, B3 =0, A1+ 80+ 83 =afl,
and rewrite the first term «" on the right hand side of the last equation in (3.2) as

u = (o) + oy + al) + alhu" = (85 + BY) + B + al) + a) + afDu.

After a further algebraic manipulation using all the equations in (3.2), we can then
rewrite the last equation in (3.2) into the form

1 5 1 1
2 2 2 2 >
LR [ ?()l)un + (6 24&32 604:()”% — ﬂaéi - 5@(,2) T ?(,32) AtL(u”)]

2 1 1 9 9 1
1 @) @ @ L (1)
(3.5) - a3 Jul? Y 1) AtL(uy ) | + |asqus’ + 592AtL(u3 )
1 Loy 29 1. 1
- (29 - g0 el - 59 Al
1 1
2) (2 2 2 2
[+ (o 1o2) st
To simplify and standardize the notations, we denote
(3.6)
1 2 2 2 1 2 0 2 1 2 2 2
ah)=afy, ey =af}, ay=afl, ) =07, i =5 af) =53
and
2 1 1 1 1 1
1 2 2 2 2
o) = 3 g% 59104§,:% - 504:(3,41, b3} = st ﬂ@:(s,i,
1 1 5} 1 5) 1 1
1 0 2 2 2 2 2
(3.7) b:(a,i = 592, bg,i = 6 ﬂaé% 6 :(332 - ﬂaéi - 55352) - 5535,3)7
1 1 2 1 1
1 2 2 2 2 2 2 2
o = Lo+ e - 2B - Lo, o8- Lo - Ly

and write (3.5) as
(3.8) um =3 (o Ju + AL ()
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Similarly, we obtain

(39) ) = 3 (o + AL ()
ij
with
0 1 1 1 2 1
agi = O‘é,i? CL(1% = Oz;%, CL(1% = ag,?zv
3.10
(3.10) o_°2 o o o 1 1o o 1
1,1 24 2 2,2 2 2,37 1,1 3 2 2,37 1,1 24
where
(3.11) A >0, a8y >0, a3 >0, ol +al)+al) =1
Also
(3.12) uf? =3~ (ol + 4hAtL())
ij
with
0 2 1 2 2 2 1 2
a=af,  aly=al),  af)=a),  af)=0f),
1 1 5 2 1 1 1
0 2 2 2 1 2 2
(3.13) bg% =5 50453 - —045,?), - ﬂ@éia bi% =3~ 591 - 50459), - g@g,ia
1 1 1
2 2 1
SR N R
where
(3.14) ol >0, a3 >0, af} > 0,08} >0, ol +ad)+al)+al) = 1.
And finally
(3.15) uf =3~ (a3 + 45AtL())
ij
with
(3.16)
0 1 1 1 2 1 1 1 2 1
a% =05, o=, aB =0 di=af), ) =af),
5 5 1 1 1 2
(0) 1 1 1 1 1 1 1 1 1
bis=151— ﬂa:(a% ~ 5 o 3 5y — 55:5),?3: oY = 59104:(),,% - ga:(a,% - 504&9), — S8,
1 1 1 1 1
2 1 1 1 1 2
bg?), ﬂ@:(%,% - 6045,,:2), bé% = 3 59104:(3,?),: bé:)a = Y
where
(3.17) oz:(;; >0, oz:(;% >0, aévl?)) >0, ag% + oz:(;% + aévl?)) =1,
and further
(3.18) s >0, 8 >0, 68 >0, B+ + 8 = all.

We have now written all the equations in (3.2) as convex combinations of forward
or backward Euler steps, depending on the signs of bj('yl)(, in (3.8), (3.9), (3.12) and
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(3.15). We notice, from their definitions in (3.7), (3.10), (3.13) and (3.16), that
béi)l, bg}l, b% and bélg are always non-negative, bﬂ and bézg)) are always non-positive,
and the other bj(l,l)< could be either positive or negative, at least a priori. Because

of our stability assumption (1.5) for the Euler forward step (1.3) and the Euler
backward step (1.7), we would need to replace the operator L(uj("l)() by L(uj("l)() when

the corresponding bj(i,l)< is negative. After this modification, the scheme (3.2) is clearly
SSP under the modified time step restriction (1.8) with the choice of the CFL
coefficient

40
ke
(3.19) ¢ = max min
ij Kk ’b(')

subject to the restrictions (1.11), (3.3), (3.4), (3.11), (3.14), (3.17) and (3.18).
As before, we optimize the equivalent problem:

(3.20) c= max =z
{0

subject to the restrictions (1.11), (3.3), (3.4), (3.11), (3.14), (3.17) and (3.18), and,
for all the relevant ¢, j and k,

(3.21) aj({l)( > z|bj(f|>(|

by the Matlab routine “fminicon”. As mentioned before when the resulting bj(il)(

is negative, we will change the relevant L( ) by L( ) The optimal scheme in
terms of the CFL coefficient (1.8) is the followmg

(3.22)
ulV ="+ 1AzﬁL(u”)
u§2> —ul )+ AtL(ull))
ul) = ( ﬂu” + B ALL(u )) + (aul + b AtL(ul )) +< @l 4+ b7 ALL (ul ))>
ul?) = (a%u” + b&Atz(u”)) + §% )+ b 2AtL( ))

+ (aful? + AL () + (afhul + shAtL (")

+ (abgud” + eihatL(ud))

(

(

)

ugl) = ( O + blog))AtL(un)> + (a(lg - bllg))AtL(u (m )) + (aBul? + b(123AtL( ))

)+

u"tt = <a§0)1u” - bloiAtZ(u )) + (a )+ blliAtL( 1))) + (aBul? + b(124AtL( ))
)

)
(a3
(a%% + 62 3AtL(u () ))
(ol
)

+ <a§ 4u2 b(1 AtL(ug )) + (a(22iu2 + b;}lAtL(u(; )) + (agliugl + b;iAtL(ugl)))
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with the coefficients a(l)( and bj(ll)( given by (3.6), (3.7), (3.10), (3.13) and (3.16), and
al) = 02912, i)

al) =0.2453, o) |

59 = 02686, o] =0.2457,  afy =0.0000,  afy = 0.2435,

A =0.0811, B =01120, 6, =0.8393, 6, =0.7884.

The CFL coefficient for this scheme is ¢ = 1.2956. Therefore, we have proved the
following result.

)=02911, ¥ =0.1374, o) =0.0736,
) )

Theorem 3.1. The third order DC scheme (3.22)-(3.23) is SSP under the time step
restriction (1.8) with the CFL coefficient ¢ = 1.2956.

Even though the CFL coefficient for the scheme (3.22)-(3.23) is reasonably high,

it requires 10 evaluations of L or L. Comparing with the optimal SSP third order
Runge-Kutta method in [11, 4], which has a CFL coefficient 1 and requires only 3
evaluations of L, the third order SSP DC scheme (3.22)-(3.23) is much less efficient.
Of course, since we have used an optimization routine to obtain the optimal value
of ¢, we cannot guarantee that we have obtained the theoretical optimal value of
this CFL coefficient. Theorem 3.1 provides therefore only a lower bound of the CFL
coefficient to guarantee SSP. The actual DC scheme may be SSP for a larger value
of the CFL coefficient. B

If our objective is to have as few evaluations of L or L as possible, we may require

as many bj(i,l)< to be positive as possible. A careful search reveals that we need at least

9 evaluations of L or L to obtain a SSP scheme. This leads to the following third
order DC scheme
(3.24)

1
WV =" —AtL(u”)
ul? =u{V 4 AtL( )
u) = <a§01u - b1 ) AtL(u™) ) alu bgllAtL ) + (@1 ul? b1 2 AL (ul ))
u?) = < O u + blogAtL n ) alult) + b(112AtL )

G
(o

+ ( @l 4 AL (u ) +
Gt
")

(aful” + baer(ud))
u:(gl) <a§03u + b1 3AtL ) al’) u (m glgAtL( (m )) + ( 2y b1 3AtL( )))
+ (afdul” + ohatL(et)) + (afhuf + AL ()
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u"t = (aﬂu” + bgOiAtL(u”)) + <@§14u1 + b1 4A15L(u1 )) + <aﬁu§2) + b@lAtz(ug)))

+ <a§ Jul) b(214AtL( )) + ( Crul + b AL (us )) + (aglgugl + bgﬂAtL(ug”))
with the coefficients a- k and b- « given by (3.6), (3.7), (3.10), (3.13) and (3.16), and
all = 05833, o) =0.2041,  af) =04310,  ai) = 0.0000,
af) =0.1650,  af] =0.6266, i) = 0.3065, (1) = 0.3603,

B9 =0.1550, o] =0.3654,  afy =0.0593,  afy =0.1652,

BYl =02827, B =0.0602, 6 =0.8990, 6, =0.9115.

The CFL coefficient for this scheme is ¢ = 0.8990. Apparently, this scheme has a
much smaller CFL coefficient and only 1 fewer evaluation of L or L than that of the
scheme (3.22)-(3.23), hence is much less efficient.

As indicated in the introduction, the original spectral deferred correction scheme
in [2, 8] corresponds to #; = 6, = 1. Within this subclass, we apply our optimization
procedure above to obtain the following third order DC scheme

(3.26)
1
WV =" 4 —AtL(u”)

(3.25)

ug)—ul + AtL(u1 )

ugl) = (ag Ju" + bMAtL(u”))
) a(lg ) 4 bllgAtL (uy (W

<@§{ + 0 ALL(u )+< 2u® 4+ b2 ALL (u ))
W = (agogun +b§0§AtZ(u”) ( )
+ <a§ yut? + 0C)AtL(ut? )) + (@gg% + b ALL(u) ))
uf? = (a0 + ¥BAL () + (%l + o atL(u)) + (aZul +bZAL?))
+ (ol + earL ) + (fhuf + bEAL (W)
(a ()l + b AtL(u?))
)

W = <a§°4u” + b&Atf(u”)) + (afhul? + o ALL(ul” )) +

Uq
+ (ol + AL ")) + (afjuf + o AL ) + (afuf” + i atL?))
with the coefficients a'j, and b} given by (3.6), (3.7), (3.10), (3.13) and (3.16), and
all =0.3333, o) =03333, ol =0.1405, o) = 0.1405,
al) =0.1977, o] =05636,  afy =0.2552, L) =0.1814,
A =02124, ofl =01742,  af) =0.1092, o) = 0.1961,
)

A8 =0.0577, B =0.0872, 6 =1.0000, 6, = 1.0000.

(3.27)
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The CFL coefficient for this scheme is ¢ = 1.0411. However, it needs 11 evaluations
of L or L. Therefore, it is much less efficient than the scheme (3.22)-(3.23).

Within the subclass of ; = 6, = 1, we can also explore SSP schemes with as few
evaluations of L or L as possible. We would still need at least 9 _evaluatlons of L or
L to obtain a SSP scheme, namely (3.24) with the coefficients aj("l)( and b( « given by
(3.6), (3.7), (3.10), (3.13) and (3.16), and

all) =0.5866,  «

(
2
(2) (
ay . = 0.1170, o
(3.28)  ° ‘:’
58 =01298,  af

(2)

A8 =02045, B =0.0599, 6 =1.0000, 6, = 1.0000.
The CFL coefficient for this scheme is ¢ = 0.6491, which is not very impressive.
Finally, we consider a special class of the third order DC scheme (3.1), in which
0y = 0. In this subclass, we do not need to evaluate ugl), hence this may lead to a
scheme with fewer evaluations of L or L. After removing the constraints associated

with the evaluation of ugl) and setting f; = 0, the optimization procedure described
above yields the following scheme within this subclass

(3.29)
1
WV =" 4 —AtL(u”)

ug)—ul + AtL(u1 )

u) = (ag "+ b1 )AtL(u ) (a )+ b1 YALL(u! )) + <aﬂu§2) + bffAtf(u%Q)))
u) = ( Oun + b ALL(u" ) (a ) 4 bf;AtL( ))
+ (o + oAt (u?)) + ( AL ()
n+1 ( (1) 2) (2) (2)
u (al qu” + b1 4AtL ) + (a )+ b1 4AtL(u )) <a1 uy + by 4AtL( ))
+ <a§i % +b(214AtL ) <a2 s’ —|—b22)1AtL( Uy ))

with the coefficients aj("k and b, I|)< iven by (3.6), (3.7), (3.10) and (3.13), and
)

al) = 03238, o) =03237, af] =01264, sy =0.2204,
(3.30) ol =0.1774,  af] =02825,  af) =0558), %y =0.1586,
) = 0.0757, %) =0.2038, 6 =1.0000, 6 = 0.0000.

The CFL coefficient for this scheme is ¢ = 0.9515. This scheme is still less efficient
than the scheme (3.22)-(3.23), even though it has only 8 evaluations of L or L, 2
fewer than the scheme (3.22)-(3.23) has.
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We can further reduce the number of evaluations of L or L to 7 within this
subclass, yielding the following scheme

(3.31)

1
ul) =u" + §AtL(u”)
1
u?’ :ugl) + —AtL(ugl))
uV = <a§ Dul + 0 ALL(u" ) al! +b11{AtL( () )) + <a§ Jul? + b AL (ul ))
e ( (
Uy

ayu" + blogAtL (u" ) alyul + o) ALL (u ))

+ <ag 2u1 b%AtL (uy 2 ) + (@2 2u2 )+ 62 2AtL
u" = (aﬂ " bloiAtL u™) ) + (

)
’ +bfiAtL D)) + (a2 + b7 ALE ()
")

+ (ol + ol AeL ")) + (afju + b AL (u

with the coefficients aj(l)( and bj(ill)( given by (3.6), (3.7), (3.10) and (3.13), and
(

al) = 05862, o) =02481, oy =04252,  ay) = 0.0293,
(3.32) ¥y =0.1315,  of) =04546,  af)=04281,  af)=0.1173,

1
A8 =03387, B =0.1147, 6 =1.0000, 6 = 0.0000.

The CFL coefficient for this scheme is ¢ = 0.7040. This scheme is slightly less
efficient than the scheme (3.29)-(3.30).

4. FOURTH ORDER DISCRETIZATION

For the fourth order (s = 3) DC time discretization, there are two subgrid points
inside the interval [t",#"*1]. By symmetry, these two points should be placed at
t =" + aAt and t® =" + (1 — a) At respectively for 0 < a < 1. We will only

5—v5
107

consider the standard choice of the Chebyshev Gauss-Lobatto nodes Wlth a=
however, see Remark 4.2 for the general case of arbitrary a.

With the choice of the Chebyshev Gauss-Lobatto nodes, we can easily write out
the fourth order DC scheme

5— 5
ul) =u" + 10\/_AtL(u”)
5
(4.1) W =V 4+ £Az&L(u(ll))
5—
Wl = 4+ \/_AtL( )

10
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1 11++5 25 — /5 25 — 13v/5 —1++5

uy) =u + SA (TW) + =gy L) + g L) + —gg L)
5
=+ L, (L)) - L))
\/_ 7\/_ 7\/5 2 \/5
At V5, L@y — Y21 ,®
4= < o (u") + =0 (1)+—30 (uy”) 30 (u™)

® @ 5—V5

uf? =u? + 2 AwQ( () = L(uf))

1 ~1++5 25—13V5 )y 25—V5 9, 114+VE
At | ————L(u") + ——L =L ——L

) 1. [11+5 25-vV5 )y 25-13V5 o —14+v5_ s
uf) =u + At (TL<U”) + g L)) + L) + —g— L)
v

u =uV + ?At% <L(U:(a1)) - L(ué”))

+1At<3\g_L( "+ 75({( )+73—\§L(u(22))—§L(U(23))>

5
uf) =u® + mfAm( L) - L(uf))

1 ~1++5 25 —13V5 ), 25—V5 (9 3)
At | ———L(u") + ——"L =L ——L

) oy L (VD ay  25=VE Ly 25-18VE o) 14V )
uy s =us+ 5 ( 60 (u") + 60 (uz’) + 60 (ug”) + 60 (us”)
uf? =uf? + \/_At05 ( (i) - L(ug%)

+—At<—3—fOL< )+ T >+73_V05L<ug2>>_§mg3>>>

5
u"tt :uf) + 10\/_At06 < (u 2)) - L(U:(f)))
1 —1++5 25—13v5 ), 25—VB (9, 11+VB 3
At ———L(u") + ————L =L — L

We can rewrite (4.1) into an equivalent form similar to (3.2), then attempt to
rewrite each equation as a convex combination of forward (or backward) Euler steps,
as in the previous section. The first three equations are already of the forward Euler
type and would be SSP for a CFL coefficient ¢ > 2. As to the fourth equation, we
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can rewrite it as

X o . .
(4.2) u(2 ) = Z (aj('&uj(') + bf'&AtL(uf”))
i j
with
a’) =all,  al=ad),  all=ad), ol =all,
y _ VS 5=V o) 5-V5 o) 55 g
11 120 10 2?2 10 23 10 %
(43) y_25-V5 V5o V5 g
1,1 120 5 2,3 5 2,47
@ _2-1VE 55 o) — 145
L1 120 10 2 LI 190
where
44) ol >0, a) >0, 08>0 a3} >0, ol +al)+al)+al) =1
Similarly, the fifth equation in (4.1) can be rewritten as
(4.5) ug) = (@j(i%uj(i) + bj(i'%AtL(uj(i)))
]
with
0 2 1 2 2 2 3 2 1 2
d=ay), dh=a, df=ad,  a)=af, al)=al)
b _1L=V5 5-V5 o) 5=V o 5-V5 @ 1145 o
127 120 10 22 10 %3 10 2 120 %%
o _DH1VE V5 V5 o) Vo 25-V5 o
(46) 1,2 120 5 1 5 2,3 5 2,4 120 2,59
yo _ 2+ V55— \/Bam 25— 13¢5&(2)
L2120 10 2 120 2,57
b _ LEVE 1V o)) V5,
L2790 120 2% 227 5t
where
@ A >0, af) >0, ai3 >0, af) >0, af >0,
: 2 2 2
o] +af) + o +af) +all = 1.
(4.

The sixth equation in

(4.8) u =" ( alJu + b ALL(u

i

1) can be rewritten as

_,\

|))
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with
(4.9)
0 3 1 3 2 3 3 3 1 3 2 3
ay=af), alj=af), aB=0f) d’}=0af) af)=al), aé% a5y,

@ L 5=V5 g 5=V 5 5-V6 11+\f<3 f(s

bl,3 = 2 10 Qg0 — 10 Qg3 — 10 Qg g4 — 120 Qg5 — 120 Qs 6,
o _ 3 V5 VB V5w 2B5-VE @ V) @ 25413V5 g

1,3 12 5 1 5 2,3 5 2,4 120 2,5 5 1&2.6 120 2,69
2 _ 5 5=Vh 5=V g 25-13V5 o 25+ g

BT 97 T 9 2T T g9 24 120 257 T qgp 20

b(3) i . 1 4 \/ga(?)) + 1 4 \/g (3) b(l) _ ée o EQ (3) b(2) _ 5 — \/50

L3712 120 2" 190 260 23T gyt 5 UiT2er 23 0
where

o120, o) 20, af) 20, af) 20, af) >0, o) 20,
(4.10) o 4o+ o) + o) + o) + o) =1
2,1 2,2 s 2 2 5 26 - -

2,3
The seventh equation in (4.1) can be rewritten as

(4.11) ul) = Z (@j(i,zluj(i) + bfiiAtL(uf”))
i,
with
(4.12)
1 1 2 1 3 1 1 1 2 1 3 1

a’) =0, =00, o =58, o) =58 oll=al), afl=al), af)=al)

p _ VS H4VE ) -5 o) 1o 5 \/gﬁ(n o \/gﬂm 0= \/gﬁ(n

L4 1920 120 32 120 3% 1234 10 32 10 33 10 73
b(l) _ _25 — \/ga(l) n @01&(1) B 25 + 13\/5&(1) + ﬁel&(l) . 3&(1) _ @B(l) . @B(l)

1,4 120 120 3,3 5 3,4 12 3,4 5 3,3 5 3,47

b2 _ BV @ B4V ) 5-VS, a5 w5 \/%(1)

1,4 120 32 120 33 10 3,4 12 3,4 10 3,47

) —1+\f(1 IR AN RNl

14 120 3.2 120 337 1%

2,4 120 5 3 3 5 3,47 2,4 120 10 3,47 2,4 120
where
(413) ol >0, a3 >0, a0l >0, al) >0, afi +af)+al)+al)=1,
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The eighth equation in (4.1) can be rewritten as

(4.15) uf =3 (e + oL ()
i,
with
(4. 16)
1 2 2 2 3 2
@1 5 53 13 ag,g = BSEQ)a ag,g = ﬁéﬁ, @5,5)) = ﬂé,i,
1 2 2 2 3 2 1 2
ayy =af),  a=al,  dfl=0af),  al)=al)
b0 V5 VB o) 1=vV5 o) 1@ 1+V5
L5 1920 120 32 120 %3 19 34 120 %P
_5_\/%(2)_5—\/%(2) 5— \fﬁ
10 3,2 10 3,3 347
BV e V5, o 25 13\f NOTRGIING
1,5 120 32 5 33 120 3,3 5 3,4
5 _ iﬁ _ £5(2)
12 34 3,3 3,4
b(2) _ 5 - 13\/_O[( 25 + \/_ (2 + 5 \/5€2a(2) . Eam) o 5 - \/55(2)
1,5 120 3,2 120 33 10 3,4 12 3,4 10 3,47
R AN B VAN S ¢
15 120 82 120 '3 12 3%
b :M _ 693 _ é@la@) _ éﬁla@) - \/ga@)
20 120 5 5% 5 R 120 Y
@ 26+Vh 5-+5_ 5 25—13V5
b = - 92043 4 7&3 5
2,5 120 10 120 '
b@ __ LEVE  — 145 b<1>:§93
2,5 120 120 35 35 5
where
417 i >0, af) >0, af} >0, aff} >0, af) >0,
' @, @, @, @, 2 _
az] tHagstagstas;+ag;=1,

and further
(418) A >0, 83 >0, g3 >0, 7 >0, /A + 68+ 58 + 57 = afl.

Y
The ninth equation in (4.1) can be rewritten as

(4.19) W =3 ( alul

o —
5,\
+
Q“

o=
>
~
h
—~
N
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with
(4.20)
0 3 1 3 2 3 3 3
afy =6, dh =0,  d% =080, df%=p%
1 3 2 3 3 3 1 3 2 3
a) =as), S =af), )=o), ali=af)  af)=af)
b _ L VD g 1-VE g 1 VS g 11-V5 )
L6719 120 32 120 33 1234 120 3° 120 3¢
5=V 3 5-V5 5 5-V5
10 Paz = 10 B33 10
BV e ﬁgl @ _ B 13v5 @, VB w5 e
1.6 120 32t 5 120 33 0 5 T4 10734

1,6 = TOO‘:S,Q 120 33 10 920‘3,4 - 5@3,4 BT 53532,
b9 TLEVE g 1HV5 g 1 g
1,6 120 3,2 120 3,3 12 3,49
b _ 5 V5, VB @ VB @ 25-V5
2,6 12 5 3 5 1633 5 1634 120 3,5
\/50 25+ 13v/5 (3)
t 5 120 6
b<2>:3_5_\/5(9—5_‘/59a<3>— —13v5 e 25+f(3
26 719 0 10 23 120 357 T qgp 86
@ L T VE g 14VE g 0V, V6
2,6 12 120 3,5 120 3,67 3,6 5 3 5 3¢ 367
W2 2= Vo
3,6 10 4
where
Lo i) 20, af3 >0, af} >0, aff} >0, af} >0, af} >0,
WA e e e e e e
and further
(4.22) B >0, 80 >0, 8 >0, a8 >0, BN+ A+ 85 + Y = o).

The tenth equation in (4.1) can be rewritten as

(4.23) ) =3 (ol + paeLw?))

I
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with
(4.24)
0 1 1 1 2 1 3 1 1 1
a” =i, dl=A1 ol =910  J =9 d) =51,
2 1 3 1 1 1 2 1 3 1
B =pl,  a2=p1,  dl=dl),  d2=dl,  d2=al)
pO _ALHVE LLAVE ) 11-V5 o) 1o L4 \/56(1) - \/56(1)
L7 120 120 42 120 43 12 44 120 42 120 43
_i5(1>_5 V5 gy 5=V gy 5-W6 gy
19744 TM,Q 10 V4,3 10 V4,45
b(l)__25—\/55() £95 25+13\fﬁ £0ﬁ 5ﬁ(1)
LT 120 A2 T TP 120 ! 12
CVh oy V5
5 4,3 5 4,47
@_ 2-1V5 0 B4V5 0 5-VE a5 oa 5-V5
b1,7 = - T@L,Q 120 54 9254,4 - Eﬁ4,4 - 10 Ya,45
3) —1+5 1+\f L
b17:_T0ﬂ4,2 120 4,3_E 4,4
(1) 25 =5 \f NG 25+ 13v5 a) 4 V5 )
e T T
0 (1)_695()_£95
12 4,4 5 43 1 447
p@ _ 2B 13V5 o) 25+\f >+5—\/59 L5 5-V5, 50
277 120 4.2 120 43 10 ad g 10 s
3) —1+\f(1 1+\f(1 1 e
25 — /5 5 5
b:g; :7\/_ - £0304541?2 \/_93 447
: 120 5 : 5
b@)_25—13\/5 5—\/5(9 )8 _ —1+V5
37190 10 i 3T 120
where
(425) af!>0,a{}>0 afi>0, af} >0, ol +al+ali+all=1,
and
(4.26) g >0, g >0, g >0, g >0, B +80Y+ 8%+ 8l =aly,

and further
1 1 1 1 1 1 1 1 1
(4.27) A >0, 450 >0, 48 >0, 7 >0, AN 44+l =81
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The eleventh equation in (4.1) can be rewritten as
(4.28) uf =3 () + kAL ()
i
with
(4.29)
0 2 1 2 2 2 3 2
%= ay=4, =40, =42,
1 2 2 2 3 2 1 2
agé)a Z(12)7 CL(2% = ﬁi?}? CL(2% = ﬁiiv ai(%é)a - O[z(l,gv
2 3 2 1 2
ah=al,  dh=all,  afl=a
© 11—=v5 114+v5 5 11—=V5 4 1 11+\f
b - Ay o — Ay 3 — 75044 —
18 120 120 ' 120 B 124 120
WAV W=V5 o 1o 5-V5 g 5 \/5(2> 5-V5
- 542_ 543__44_ 42 — V4,3 — Y4
120 % 120 "4 1274 I 0 IR
p _ 20— \/55@) V5, g _ Bt 13\/% L VB, 0 52
ST T 120 5
5o V5o VB o
- Eﬁ4,4 - ?’74,3 5 = Va,4>
po -~ 13\/%@) 25+ \fﬁm L 5-v5, P V5 @
ORI 1+\/5ﬂ<2)+1+\f 2 1w
1,8 120 4,2 120 4,3 12 447
b _ BV o Vo 25 13\f& @, Vi, 05 e
2,8 120 4,2 5 43 120 4,3 5 4,4 12 4,4
NG V5
- —elﬁi - —91@14,
2 5—13\f W0 BV o) 5VE o 5o B \/5925(@
2.8 T 20 2T T qpp M3 10 4d o qgaa 10 44
b(3>:_—1+\f(2 1+\f(2 RNC)
p _BHIBVE V5, 5 3a<2> _ VB e BV o
3.8 120 5 5 043 g oA 120 4%
y2 25+ V55— \/594 @ —13v5 NG
3.8 120 10 AMaT Tygg s
jo _ _LEVE 1V oy VB
38 120 120 4 48— "5 U5
where
ol >0, o) >0, o >0, oY) >0, o2 >0,
(4.30) @, @, @, 0, @ |
Qg+ Quot Qs+ 0y )+ Qps= 1,

2

)
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and

431) B3 >0, 8% >0, Y >0, g2 >0, 24 80+ 0+ 88 = o,
and further

2 2 2 2 2 2
(432) 220,73 >0, %3 >0, 721 >0, A +9id +% i = 6

Finally the twelfth equation in (4.1) can be rewritten as

(4.33) u"tt = Z <aj(i’39uj(i) + bj(ilz)AtL(uj(i))>

]
with
(4.34)
afs =i, afs =3 afg=3 ad =1l abd =B, s =83
oo =Bid, ase=aly, afg=all, afy=alll, aiy=afl o} =af}
O L HAVE g V5 g 1o 11+\f&3> 1-V5

L9 7197 T 10 42 120 437 1pMaT Ty 45 120 46
11—=V5 3 1 5 5-V5 5—-+5 5-V5 (3

R 1C) N A . (3) (3) (
120 4,2 120 4,3 19744 10 Va2 — 10 Va3 — 10 V4,4

b(l) _ 25 — \/56(3) + é@lﬁ(?’) 25+ 13\/_ﬁ £Q ﬁ 3 (3)
1.9 120 420 5 A8 120 12744
VB 5 V5
T g s T Tyl

o _ 25— 3\f <3_25+f5< ), 5 f@ﬁ 55(3)_5—\/5(3)

1.9 120 Baz 120 43 10 44 qoad 10 4

G 1+\/5ﬁ(3) n 1*‘\/55(3) 1o

1,9 120 4,2 120 4,3 12 447

ORI \/5&( o £ N s 13v5 ) AAPINCIIN

V5 V5
- —elﬂ( - —01ﬂ447

b(z) = 25 13\/_ (3 25+ \/_Oz ) + o \/59404(3) — 304(3) — o= \/5925(3)

2,9 120 42 120 3 10 4,4 12 4,4 10 4,47

3) —1+\[<3 1+\f<3 1 ®
by — —a
b 5 VB, V5, o VB @ 25-V5 £95 o 24 1VD

39719 5 5 33 T o0 T g Mt 120 4,67
b =2 BTV, 5 VBy e BTG e BEVE

397719 10 10 4.4 120 4.5 120 4%
W) ko ZLEVO 1HVE ey VB, VB e D V5,
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where
ag > 0, Ozf’% >0, 04513?)) >0, 0451331 >0, ozf’g >0, ozfg >0,
(4:35) 2® 1 a® 1 a® 1 a® 4 a® 4 a®
41 42 43 44 45 46 = L
and
(4.36) 81 >0, 83 >0, B3>0, 871 >0, B+ 80 + 80 + 80 = o),

and further

3 3 3 3 3
(4.37) 7(1)>O 7&2)20 ”Y()ZO: 7&,220, 71(11)+7§2)+7§?3+’Y44—541

Similar to the third order case, we can formulate the optimization problem (3.20),
subject to the restriction (1.11), (4.4), (4.7), (4.10), (4.13), (4.14), (4.17), (4.18),
(4.21), (4.22), (4.25), (4.26), (4.27), (4.30), (4.31), (4.32), (4.35), (4.36), (4.37), and
(3.21), and solve it using the Matlab routine “fminicon”. We obtain the following
optimal scheme

(4.38)
(1) 5-V5
Uq

=u" + 10

NG
uf =ul? + ?AtL(Ugl))

55
ul? =u? + —mfAtL(u(?))

AtL(u™)

u(Ql) <a(101u + bloiAtL ) <a 1) + b(lllﬁﬂz( )) + ( (1% "t bfiAtL( ))
+ <a§3%u1 bgglAtL )
ul) = <a§02u + )AL u”)) + (aful + b ALL (uf )) + (a
) +
)

( ul @ul? 4 B AL (u ))
(
ul = <@§03u - blgAtL u”)) - <a WM 4 b§13AtL( )) +
(e
(o}

+ <a(13%u1 b(3 L(u a;%u(; —l—le%AtL(ugl))

g :2, )+ bl 3AtL( ))
+ <@§3§u1 b%AtL (uy 3
< (0)

(

)

(

+ (a8l + b8 AL (ul )) + <a§2§u2 + BAALL(u? ))
ol + bloiAtL u") + (afJul” + b(114AtL( D)) + (Pl + o AtL?))
( D bIAL®)) + ( o) AL (uf )) + ( Crul + b§24AtL(u§2>)>
(a5

+ )
n + AL () )
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( ) = <ago u” + bl 5AtL( )) + <@§15u1 + bl 5AtL(u§1 )) <a1 5“1 + b§25AtL( ))

+ <a & AL ) <a2 Dl + b ALL (u? ) <a;gu(§ + b;gAtL(u§2>))
+ <a ) u G 4 bé%AtL ) (@3 5u3 )+ b3 5AtL u 1 )
( ) = (agogu” b1 6AtL ) (@g 6u1 )+ b1 6AtL u 1 ) + <a @ u @ b%AtL( ))

+ <a O 4 )AL (u ) ( )+ b AL (u ) ( D 4 b;gAtL(uf)))
+ <a3u3 +b§36AtL u3 ) ( —|—b36AtL ul ) <a2 —|—b36AtL(u2)>

ull (ag(’];u” - blo7AtL u") ) + (a )+ b1 YALL(u) ) - <a @), ﬁAtL(u @ ))
+ <a§3;u1 + DAL (u®) ) ( O 1 pOALT (ul ) ( +b22;AtL(ug2>))
+ <a§3;u G 4 bg}AtL ) (@3 7u3 )+ b3 7AtL ) (a 27u3 + b3 7AtL(u @ ))
+ (ag? + b ALL (S )

0

—~
=

a

oo

u" + blogAtL u") ) + (a )+ bllgAtL (ul! ) - <a @ 4 b(128AtL( ))

AaicS)
=
/N

1,
+ <a§3 ngSAtL(u ) ) + (&2 8u2 )+ b 8AtL(u 1 ) <a2 8u2 ) S 8AtL( ))
+ <a( %uQ + b(238AtL(u 3) ) + (@3 Jul ) + b;%AtL(u (W ) <a32§u:(32 + bg?gAtL(u; ))
+ (ag; D b ALL(uY) ) + ( " NALL(ul)) )
u" = (a(o + b gAtL ) + (a bi gAtL ul) ) - <a @y ngQAtL( ))

1 u
<a§3, O 4 ) ALL(u ( O 4 AL () ( @ | 2 ALL(uf ))
(afud” (a5

a (2 + b;gAtL u(2))>

+ o+

")+ )+
aSyus? + b ALL(ul ) ( u$? + b ALL (uf ) + (
+ <a§ 9u3 )+ b§39AtL (uf’ ) <a4 9u4 )+ b4 gAtL ) + a 2 2 b4 gAtL(u @ ))

with the coefficients aj’k and bj(,k given by (4.3), (4.6), (4. 9), (4.12), (4. 16) (4.20),
(4.24), (4.29), (4.34), and

o) =0.2505,  af)=02506, o) =0.2505,  off) =0.128s,
af) =0.1206,  af) =02805,  ay) =0.0650, oy =0.0721,
(439 af) = 01273, af) =0.0642,  af) =0.1162, a5l = 0.2689,
al) = 05507, oy =01061, iy =02015, B =0.0751,
B = 02270, B =01554, ol =0.2758,  al) =0.0243,
of} =02882,  af}=00388, A =00666, A3 =0.1137,
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B8 =0.0901,  of) =0.1384, i) =0.0464, o) = 0.0160,
af} = 01188,  of) =02048, AP =0.0312, B =0.0589,

) —0.0356, i) =07232, afy=02164, al)=0.0473,

) = 0.1778, () = 0.4305, () =0.0348, Y = 0.0224,
W =01321, A% =00104, o =03139, il =0.0000,
aly =0.2877,  af) = 0.0386, %) = 0.1169, (%) = 0.1002,
8% =00010, A3 =00387, 43 =00539, I =00232
al) = 02040,  af)=00315, o) =00673, i) =0.1130,
a43, = 0.2507, ﬁ4 | =0.0691, ﬁ“ = 0.0653, ﬁ43 = 0.0595,
W =0.0168, A =00362, %) =00160, 6 =0.7043,
0, = 1.0000, 03 =0.6622, 0, =1.0000, 05 =006388, 0 =0.9581.

The CFL coefficient for this scheme is ¢ = 1.2592. Therefore, we have proved the
following result.

Theorem 4.1. The fourth order DC scheme (4.38)-(4.39) is SSP under the time
step restriction (1.8) with the CFL coefficient ¢ = 1.2592.

The optimal scheme (4.38)-(4.39) needs 21 evaluations of L or L. We can also
obtain a fourth order SSP DC scheme with 19 evaluations of L or Z, however the CFL
coefficient is only ¢ = 0.6775, hence it is much less efficient than the scheme (4.38)-
(4.39). For the original spectral deferred correction scheme in [2, 8] corresponding to
0, =0y =03 =0, = 05 = 0 = 1, we can obtain a SSP scheme (4.38) with different
choices of parameters than those in (4.39), with 21 evaluations of L or L and a
CFL coefficient of ¢ = 0.9463. This is again much less efficient than the scheme
(4.38)-(4.39). We do not list the details of these schemes to save space. Finally,
when 05 = g = 0, we do not need to evaluate ufll)
scheme
(4.40)

) a4 BV

_..n
=u -+ 10

5
u? =uf" + %AtL(ugl))

V5
10

uél) <a§01u —i—bllAtL( )) <a( 1u1

+ <a§3}uf’) + 08 AL (ul ))

and uf), leading to the following

AtL(u")

o —
uf’) :u?’ +

AtL(ul?)

+ 0 AL (ul )) + (aﬂul + 0P AL (ul ))
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%" + BAAL (") ) + (afel? + oAU (uf )) + (afhul? +H3AtLw?))

+ (Pl + B ALL (u )) +< Su) + b5 AtL( ))

a’) u” + b 3AtL( )) (@%ul b 3AtL ) b%AtL(u1 ))

(
1
(3)
ol + B ALL ( D+ oA ()

+

) + <a§1§u2 T bglgAtL ) +
(a Jul + o) AL (ul ) + <
+ ) +

7= (
(
! = (o
(a0 ")
ul) = (a + 0 AtL(u )) + (af! Bl + b(124AtL( ))
+ (aful® + o AL () + (ablus? + o AL (b (aluf + b (uf))
+ <a uS) + 08 AL (u )))
) = <a Dt 4 BOALE () ) ( Wy 4 b;gAtL ) + < 2@ 4 b(125AtL( ))
T (a Bl + b ALL(u ) + ( Y b ACL (u ) ( P b AL (u ))
+ (af3uf? + AL () + (ol + il AL (i)
uf? = (allu + AL (") )+( Wy +b11gAtL(u1” ) + (aluf? +b§2gAtZ(u<f>))
n (a u® + b ALL (u )+< + O AT (u )+( a2 + bR ALL (u ))
+ (a3 + o AtL @) + (of 6u31) + At (uf”)) + () + hAtLw?))
S (a + b ALL (u") ) + ( Wult + bllgAtL( ) + < 2@ 4 b(ngtL( ))
+ (a D b ALL(u )) + ( Y 4+ 0O ALL (ug”) ) + ( D+ b ALL (uf ))
( 08 AL (u )) + ( u§? + bSO ALL(ul ) - ( 2 b ALL(uf ))
+ (ag3gug3 + O ALL(uf ))

with the coefficients aj(' and b « given by (4.3), (4.6), (4.9), (4.12), (4.16), (4.20),
(4.34), and

al) = 02266, o) =02267, oy =02259,  af) =0.1108,

af) =0.1602,  ay) =02130, oy =0.1227 al’) = 0.0705,
(

«

2 )
(4.41) ol = 0.6771, agj; = 0.1652, ag{g 0.0625, B =0.0923,
)



al’) = 0.0910,
48) = 0.0319,
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A8 = 0.0287,
al) = 0.2265,

25

9 —0.0745, B =01062, 59 =0.0999, 4 =0.0146,

WD =0.0381, A% =0.0203,

01 = 0.8523, 6, = 1.0000, 05 = 0.8972, 6, = 1.0000.
The CFL coefficient for the SSP scheme (4.40)-(4.41) is ¢ = 1.0319, and it has 17
evaluations of L or L. It is therefore slightly more efficient than the scheme (4.38)-

(4.39). We could also reduce the number of L or L evaluations to 16, however the
CFL coefficient reduces to ¢ = 0.6775, which is not impressive at all.

Remark 4.2. Our analysis is based on the choice of the Chebyshev Gauss-Lobatto
nodes as the subgrid points inside the interval [t",¢"™!]. We could also perform
an analysis for the more general class of the fourth order DC scheme in which the
subgrid points are placed arbitrarily subject to a symmetry constraint. We have
performed this analysis for the simple case of 8y = 0 for all k£, and have failed to
find a better scheme in terms of the SSP property. We will not present the details
here to save space.

5. A NUMERICAL EXAMPLE

In this section, we perform a numerical study to assess the performance of the DC
time discretizations, coupled with the fifth order weighted essentially non-oscillatory
(WENO) finite difference spatial operator with a Lax-Friedrichs flux splitting [7], to
solve the following Burgers equation

(%) =0
Ut 9 X_7

1 2
u(z,0) = 3 + gsin(ﬂx)

(5.1) —1<z<1

with the initial condition
(5.2)

and a periodic boundary condition. The exact solution is smooth up to t = %, then
it develops a moving shock which interacts with the rarefaction waves. We use the
WENO spatial operator, rather than the TVD spatial operator, since the former
gives better accuracy and is used more often in applications, even though the latter
fits better the theoretical framework of this paper, being rigorously satisfying the
TVD property (1.5) for the total variation semi-norm.

In Table 1 we list the L! errors and the numerical orders of accuracy, at the time
t = 0.2 when the solution is still smooth. We compute with the third and fourth
order SSP DC schemes (3.22)-(3.23) and (4.38)-(4.39), with the correct incorporation
of the operator L, and with the original third and fourth order DC schemes (3.1)



26 Strong stability preserving property of the deferred correction time discretization

and (4.1), using the same values of f but without using the operator L. For this
test we take the CFL number to be 0.6, that is

n At
(5.3) rnjax]uj Ay = 0.6

This choice is based on the heuristic argument that the spatial WENO operator is a
high order generalization of the second order generalized MUSCL scheme [9], which
is TVD for first order Euler forward time discretization under the CFL condition
max; \uJ” | % = 0.5. We clearly observe in Table 1 that the designed order of accuracy
is achieved or exceeded. The other SSP schemes in sections 3 and 4 yield similar
errors. We do not present their results in order to save space.

TABLE 1. L' errors and numerical orders of accuracy. Burgers equa-
tion with the initial condition (5.2). t = 0.2

Number of DC3 SSP DC3 DC4 SSP DC4
cells L' error order | L' error order | L' error order | L' error order
20 9.36E-4 — 1.27E-3 — 9.20E-4 — 1.35E-3 —
40 4.78E-5 4.29 | 6.62E-5 4.26 | 4.27E-5 4.43 | 6.46E-5 4.39
80 2.16E-6 447 | 2.82E-6 4.55 | 1.29E-6 5.05 | 2.11E-6 4.94

160 1.81E-7 3.58 | 2.04E-7 3.79 | 5.38E-8 4.58 | 9.31E-8 4.50
320 2.02E-8 3.16 | 2.07E-8 3.30 | 1.81E-9 4.89 | 3.21E-9 4.86
640 248E-9 3.03 | 2.49E-9 3.06 | 4.40E-11 5.36 | 7.62E-11 5.40

When t = 0.6, the discontinuity has already appeared. We plot, in Figure 1, the
solution obtained with the third and fourth order regular DC schemes (3.1) and
(4.1), and SSP DC schemes (3.22)-(3.23) and (4.38)-(4.39), using the CFL condition
(5.3) with N = 40 equally spaced grid points. We can see that the numerical
solutions are indeed non-oscillatory. It seems that for this test, the regular DC
schemes without using the operator L also produce non-oscillatory results for the
CFL condition (5.3).

Finally, we would like to numerically assess how large the CFL number we can
take and still maintain stability. We compute using both the third and fourth order
SSP DC schemes (3.22)-(3.23) and (4.38)-(4.39), and the original third and fourth
order DC schemes (3.1) and (4.1) using the same values of 6 but without using
the operator L, to t = 2, with N = 160 equally spaced grid points, with an ever
increasing CFL number. In Figure 2, we plot the L! errors of the numerical solution
versus the CFL number for the third order (left) and fourth order (right) schemes.
We observe that the SSP DC schemes are indeed stable for larger CFL numbers
than the corresponding regular DC schemes, and the CFL numbers for stability are
much larger than the theoretically predicted values in Theorems 3.1 and 4.1.
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FIGURE 1. Burgers equation with the initial condition (5.2). t = 0.6.
N = 40 equally spaced grid points. CFL number 0.6. Left: third
order DC schemes; right: fourth order DC schemes. Solid line: the
exact solution. Circles: SSP DC schemes. Crosses: regular DC
schemes.
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FIGURE 2. Burgers equation with the initial condition (5.2). t = 2.0.
N = 160 equally spaced grid points. L' errors (in logarithmic scale)
versus the CFL number. Solid lines: regular DC schemes; dashed
lines: SSP DC schemes. Left: third order schemes; right: fourth order

schemes.

6. CONCLUDING REMARKS

We have studied the strong stability preserving (SSP) property of the second, third
and fourth order deferred correction (DC) time discretizations. The technique of the
analysis can also be applied in principle to higher order DC methods, although the
algebra becomes more complicated. It seems that the DC methods do not have as
large CFL coefficients as the Runge-Kutta methods for the SSP property. However,
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since the DC methods can be easily designed for arbitrary high order accuracy,
they have a good application potential and the analysis for their SSP property
will be useful for their application to solve method of lines schemes for hyperbolic
conservation laws.
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