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Abstract

In this paper we review a series of recent work on using a Fourier analysis technique
to study the stability and error estimates for the discontinuous Galerkin method and other
related schemes. The advantage of this approach is that it can reveal instability of certain
“bad” schemes; it can verify stability for certain good schemes which are not easily amendable
to standard finite element stability analysis techniques; it can provide quantitative error
comparisons among different schemes; and it can be used to study superconvergence and
time evolution of errors for the discontinuous Galerkin method. We will briefly describe this
Fourier analysis technique, summarize its usage in stability and error estimates for various
schemes, and indicate the advantages and disadvantages of this technique in comparison

with other finite element techniques.
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1 Introduction

In this review paper we are concerned with the stability analysis and error estimates for the
discontinuous Galerkin (DG) method [10] and related methods, such as the spectral finite
volume (SV) method [24, 25].

The DG method is a class of finite element methods using completely discontinuous
piecewise polynomial space for the numerical solution and the test functions to solve various
partial differential equations (PDEs). The original design of the DG method is for solving
the hyperbolic conservation law

w + f(u), =0 (1.1)

where we have written the equation in one space dimension for simplicity. The DG method

uses the finite dimensional space
Vaz = {v: v is a polynomial of degree at most p for z € I;, j=1,...,N} (1.2)

for both the numerical solution and the test function, where I, =[x, 1,z 1], forj=1,..., N,
J J—57"1+5

is a mesh for the computational interval and we denote by z; = % (xj_ 1+, ) the center

of the cell and by Az; = z,,1 —x;

i1 the cell sizes, with the maximum size cell denoted by

S

Az = max; Az;. To be more specific, a semi-discrete DG method for solving (1.1) is defined

by: find v € Va, such that, for j =1,..., N,

/ wvdx —/ f(u)vxdx+fj+%v;+% - fjfév;,r_ =0 (1.3)
1 1

for all test functions v € Va,. Here v* denotes the left and right limits of the discontinuous
function v at the interface, and f = f (u™,u") is a monotone numerical flux. For the simple
case f'(u) > 0, the numerical flux can be taken as the upwind flux f = f(u~). The time
discretization in (1.3) can be implemented by the nonlinearly stable Runge-Kutta methods
(22, 13].

We can write the DG scheme in an equivalent form by performing an integration by parts



to the second term in (1.3), resulting in finding u € Va, such that, for j = 1,..., N,

~ ~

/ (e + fwvde + (fioy = Far, ) oy = (fo = f@E)) vl =0 (14)

I =3
for all test functions v € Va,. This equivalent formulation is more convenient for some
situations, e.g. in the definition of the SV scheme in Section 4.

The first DG method was introduced in 1973 by Reed and Hill [19], in the framework of
neutron transport equations. Cockburn et al. in a series of papers [7, 6, 5, 8] have estab-
lished a framework to easily solve nonlinear time dependent hyperbolic conservation laws
(1.1) using explicit, nonlinearly stable high order Runge-Kutta time discretizations [22] and
DG discretization in space with exact or approximate Riemann solvers as interface numer-
ical fluxes and TVB (total variation bounded) nonlinear limiters to achieve non-oscillatory
properties for strong shocks. Later, the DG method is extended to solve convection-diffusion
equations [1, 2, 9] and PDEs with higher derivatives, such as the KdV equations and other
nonlinear dispersive type equations [27, 26]. For more information, we refer to the review
paper [10] and the two special journal issues devoted exclusively to the recent development
of DG methods [11, 12].

Being a finite element method, the DG method usually allows for stability analysis and
error estimates using standard finite element techniques, which are easier and more general
than that for finite difference schemes. For example, it is usually quite difficult to prove
a cell entropy inequality (which implies and is stronger than L? stability of the numerical
solution) for a finite difference scheme. One would need to assume one space dimension,
convex conservation laws, and special limiters for at most second order accurate TVD (total
variation diminishing) schemes, in order to prove such an inequality [15, 18]. However,
it is quite easy to prove such a cell entropy inequality for the DG method, which applies
to arbitrary triangulations in multi-dimensions, general nonlinear conservation laws, and
arbitrary order of accuracy, without the need to use any limiters [14]. The technique in [14]
is later generalized to prove similar cell entropy inequality and the resulting L? stability for

DG methods applied to more general PDEs, such as the convection-diffusion equations [9]
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and nonlinear dispersive wave PDEs [27, 26]. For more details, see for example the lecture
notes [21]. Likewise, standard finite element techniques usually can be used to obtain error
estimates for DG methods, e.g. [9, 30, 31].

On the other hand, Fourier analysis is a tool commonly used for finite difference methods.
This analysis has more restrictions than the finite element techniques mentioned above: the
Fourier analysis can only be used on linear PDEs with constant coefficients, uniform meshes,
and periodic boundary conditions. It is also technically difficult to carry out except for low
order methods (small p in the space Va, in (1.2)), because of the difficulty in manipulating
large matrices. However, as we will review in this paper, the Fourier analysis does have
several advantages over the standard finite element techniques. It can be used to analyze
some of the “bad” schemes; it can be used for stability analysis for some of the non-standard
methods such as the SV method, which belongs to the class of Petrov-Galerkin methods
and cannot be easily amended to the standard finite element analysis framework; it can
provide quantitative error comparisons among different schemes; and it can be used to prove
superconvergence and time evolution of errors for the DG method.

The organization of this paper is as follows. In Section 2, we will briefly describe the
Fourier analysis procedure. The application of the Fourier analysis to study “bad” DG and
SV schemes for the heat equation is reviewed in Section 3. In Section 4, we review the
application of the Fourier analysis in providing stability analysis for the SV method. Section
5 is devoted to a review on quantitative error estimates and comparison between DG, SV and
central DG methods. In Section 6, we review the application of the Fourier analysis in the
study of superconvergence of DG methods for hyperbolic and convection-diffusion equations.

Finally, we give concluding remarks in Section 7.



2 A description of the Fourier analysis

We demonstrate the Fourier analysis using the linear version of the PDE (1.1), namely

f(u) = u (it would of course be the same if f(u) = cu for a constant c):
ug + uy, = 0. (2.1)

We also assume periodic boundary conditions and uniform mesh. We first notice that, after
picking a local basis for the space Va, in (1.2) and inverting a local (p + 1) X (p + 1) mass

matrix (which could be done by hand), the DG scheme (1.3) can be written as

d 1

where u; is a small vector of length p 4 1 containing the coefficients of the solution u in the
local basis inside cell I;, and A and B are (p+ 1) x (p + 1) constant matrices. If we choose
the degrees of freedom for the p-th degree polynomial inside the cell I; as the point values
of the solution, denoted by

U, 2i-p iZO,...,p,

I*3prn

at the p+1 equally spaced points

) 20 —p .
+ —-— ) Az, 1=20,...,p,
(‘7 2(p+1)) P

then the DG scheme written in terms of these degrees of freedom becomes a finite difference
scheme on a globally uniform mesh (with a mesh size Az/(p + 1)), however they are not
standard finite difference schemes because each point in the group of p+1 points belonging
to the cell I; obeys a different form of the finite difference scheme. Let us now demonstrate
the procedure using the piecewise linear case p = 1. The degrees of freedom are now the

point values at the 2N uniformly spaced points

Uj_%,

/U/]_’_i, j:17...,N.
The solution inside the cell I; is then represented by

) = gy 40 + 1503050 2)

1
1

>



where ¢;_1 (z) is the linear polynomial which equals 1 at the point (j — )Az and equals
0 at the point (j + )Az, and similarly b; +%(:1:) is the linear polynomial which equals 0 at
the point (7 — i)Az and equals 1 at the point (5 + i)Ax. With this representation, taking
the test functions v also as ¢j_i($) and ¢j+i(x)’ respectively, and inverting the small 2 x 2

mass matrix by hand, we obtain the finite difference representation of the DG method as
(2.2) with

(e 1 -5 15 1( -7 -3
u]—<uj+ ), A—4(1 IR B—4 T NE (2.3)

For a Fourier analysis, we make an ansatz of the form

Uj_1 (t) . ﬁkﬁ% (t) ik
( w1 (1) ) B ( iy, 1 (1) ) € (2.4)

and substitute the ansatz (2.4) into the DG scheme (2.2)-(2.3) to find the evolution equation

PN

for the coefficient vector as

a o (t Uy, 1
< 5;:1(&)) ) = G(k, Ax) < 5,;_11((5) ) (2.5)

where " denotes the time derivative, and the amplification matrix G(k, Az) is given by

Gk, Az) = A%; (Ae ™2 4+ B). (2.6)

with the matrices A and B defined by (2.3). Now, both the stability analysis and error
estimates can be performed based on the matrix G(k, Az). For stability, we would need

G(kA2) | to be uniformly bounded with respect to the two parameters k and Az. Usually,

le
instability shows up for the higher frequency modes with larger k. For accuracy, we would

only need to look low modes with smaller k, e.g. k= 1.

3 Analysis for “bad” schemes

For quite a long time, the DG method was used only for hyperbolic conservation laws (1.1).

However, in applications, one often encounters convection dominated PDEs which contain



higher order derivatives, such as the convection diffusion equation

u + f(u), = (a(u)ug), (3.1)

containing second order derivatives, where a(u) > 0, and convection dispersion equations
containing third or higher order derivatives. The recent development of stable DG methods
for such PDEs is one of the main reasons that the DG method has been becoming more
popular [11, 12].

For the simple heat equation

Up = Ugy (3.2)

which is a special case of (3.1) with f(u) = 0 and a(u) = 1, a direct and seemingly logical
adaptation of the DG method for the conservation law (1.1) can be formulated as follows.
If we formally identify f(u) in (1.1) to be —u,, then the heat equation (3.2) “becomes” a
conservation law (1.1). Thus the DG scheme given by (1.3) can be adapted to a DG scheme
for the heat equation (3.2) if we change f(u) to —u, and replace the numerical flux fj +1 by
—Uy; 11 Of course, the upwinding principle, which guided the design of the numerical flux
fj 41 for the hyperbolic conservation law (1.1), is no longer valid for the heat equation (3.2).

Considering that information propagates in both directions equally for the heat equation

(3.2), it would be reasonable to take the numerical flux i, 11 asa central flux

. 1 _
Yoty =3 <(“”)j+% * (ux);%) ‘

The resulting scheme can be implemented similar to (2.2) and takes the form

d

auj + @ (AUj_l + BUj + OUj+1) =0 (33)

where u; is again a small vector of length p 4 1 containing the coefficients of the solution u
in the local basis inside cell I;, and A, B, C are (p+ 1) X (p+ 1) constant matrices.

This scheme was first described in [20]. It is verified numerically in [20], see also [10, 28],

that this scheme leads to numerically stable but inconsistent solutions. In Figure 3.1 we



plot the numerical solution with 40 and 320 cells versus the exact solution, for the two cases
p = 1 and 2 (piecewise linear and piecewise quadratic cases) at ¢ = 0.7. We can see that
the numerical solutions seem to converge with mesh refinements but have O(1) errors when

comparing with the exact solution.
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Figure 3.1: The numerically inconsistent DG method applied to the heat equation (3.2) with
an initial condition u(x,0) = sin(x). ¢ = 0.7. Numerical solutions with 40 cells (circles) and
320 cells (dashed lines), versus the exact solution (solid line). Left: p = 1; Right: p = 2.

It is very dangerous that the scheme produces numerically stable but completely incorrect
solution. If one does not know the exact solution, even if one does a mesh refinement study,
one could still conclude incorrectly that the method is convergent.

It is not easy to use standard finite element techniques to analyze this or similar “bad”
schemes. On the other hand, the Fourier analysis technique outlined in Section 2 can be
readily applied to analyze this scheme [28], with a somewhat surprising result. One would
expect, based on the numerical evidence in Figure 3.1, that the scheme should be stable but
inconsistent. However, the analysis shows that it is completely the other way round: the

scheme is consistent, but it is unstable. In fact, for the p = 1 case, we can easily obtain

A:<_51 f), B:<—66_66>, o:<_15 —51>. (3.4)



for the matrices in the scheme (3.3). It can be shown [28] that this scheme is consistent by
the usual truncation error analysis for finite difference schemes based on Taylor expansions.
We can also easily verify that the two eigenvalues of the amplification matrix G(k, Az) (see

(2.6)) are
6

M= —xa

1 — cos(kAx)), Ag = 0. (3.5)

which are both non-positive. However, the non-positivity of (the real part of) the eigenvalues
of G(k, Ax) is only a necessary but not a sufficient condition for stability. With a tedious

G(k,Az)t

computation in [28], it is possible to explicitly write out the matrix e , and compute

its L2 norm

||6G(k,Ax)t|| _

\/1_18 (5+8a+5a2+1_7& [8(1—a)+\/(8+5ﬁ) [8(1—04)2+5(5+2604+5a2)]])7

where

a = et B =1-—cos(§)

with £ = kAx. If we take 0 = AT’CQ, then it is easy to see that

1
G(k,Az)t|| _ o —
et =05, )

which is unbounded when Az — 0. Hence the semi-discrete scheme is not stable.

We remark that this instability is very mild, and it grows at most linearly with a mesh
refinement. Also, further analysis, by looking at the eigenvectors, shows that this instability
only occurs when the initial condition is chosen so that the slope of the linear function in each
cell is of order O (ﬁ) Since such initial conditions are not physical, they can only occur
at the round-off level and they grow slower than linearly with the number of time steps.
This explains why we have never seen such instability in the numerical experiments: our
meshes are simply not refined enough. However, this instability accounts for the apparent
contradiction of a consistent local truncation error and a global O(1) error of the numerical

solution.



In [23], a similar analysis is performed to a “bad” SV scheme applied to the heat equation

(3.2), with similar conclusions as those for the “bad” DG scheme mentioned above.

4 Stability analysis for good schemes

While the Fourier analysis played a crucial role in the analysis of instability of the “bad”
scheme in the previous section, in this section we review its application in the stability
analysis of good schemes. For most DG schemes, it will be more convenient to use finite
element techniques, such as the one in [14], to obtain stability results, which would apply
to more general setting (nonlinear PDEs, multi-dimensions, arbitrary order of accuracy).
However, for some schemes, especially those not based on a Galerkin framework, such as
the SV schemes in [24, 25|, the standard finite element technique is difficult to apply. The
Fourier analysis technique, on the other hand, can be handily applied.

The SV method [24, 25] is a Petrov-Galerkin method, namely, the solution space and the
test function space are different. The solution space is still Va, given by (1.2). However the
test function space is the collection of piecewise constant functions on a sub-partition of the
cell 1;:

Wa, ={v: visaconstant forx e l;;, i=0,1,....,p, j=1,...,N} (4.1)

where Iy ;, ... , I,; is a partition of cell I; into p+1 subcells. The semidiscrete SV scheme
is thus: find u € Va, such that, for j = 1,..., N, (1.4) holds for all test functions v € Wa,.
Clearly, the method strongly depends on the specific choice of the partition of cell I; into
p+1 subcells.

It is not easy to use standard finite element technique to prove the stability of the SV
method. In fact, to our knowledge, the only stability result about the SV method is obtained
using the Fourier analysis in [29]. After choosing a basis for the finite element space and
with some algebraic manipulation, the SV method for the linear conservation law (2.1) can

also be written in the form (2.2). For the piecewise linear p = 1 case, the SV scheme is given
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by (2.2) with

Uj_1 -1 3 -1 -1
“j:<u].f>’ A:(o o)’ B:(z —2)‘ (4.2)
Jtg
It can be verified [29] that the amplification matrix G(k, Az) (see (2.6)) has two eigen-

values with non-positive real parts. Also, the matrix G(k, Ax) is diagonalizable, with the

eigenvector matrix R and its inverse R™' satisfying

||R|| = \/2(—cos§+9+d+ V/(cos€ — 9 — d)? — 32d)

and

1 /1
|IR7H] = g\/a(—cos£+9+d+ V(cos€ — 9 —d)? — 32d),

with

d = /137 — 66 cos € — Tcos2£.

It is easy to see that both [|R|| and |[|R7!|| are uniformly bounded with respect to the
parameter £. Thus the stability of the semi-discrete scheme is established.
In [23], a similar analysis is performed to two good SV schemes, proving their stability

when applied to the heat equation (3.2).

5 Quantitative error comparisons for different schemes

Another advantage of the Fourier analysis technique is that it can provide quantitative
comparison of errors for different schemes.
For example, in [29], such a comparison is performed between the DG and SV methods

for solving the linear conservation law (2.1) with an initial condition
u(z,0) = sin(z). (5.1)

Both schemes are given by (2.2), with the matrices A and B given by (2.3) and (4.2),

respectively. For a low mode initial condition

uji%(o) =¢ ji%? (5'2)



whose imaginary part is our initial condition (5.1), algebraic manipulations in [29] indicate

that the DG solution satisfies

Im{u;_1(t)} = (1 - A2—Z) sin(;_y — ) + O(Az?),

1
1

indicating a second order convergence to the exact solution u(z,t) = sin(x —t) of (2.1) under

the initial condition (5.1), with a leading error at the size of

Ax? |
ﬂ Sln(xjii — t),

while the SV solution satisfies

Imfu; 1(t)} = (1 - Al—”;) sin(z,_

indicating a second order convergence to the exact solution with a leading error at the size

of
Az?

W Sin(l'j_% — t)

This leads to the conclusion that both methods are second order accurate, at least for the
linear problem (2.1) with a uniform mesh. Their leading errors for the first mode (i.e. for
the sin(x) initial condition) have a ratio 2:3, that is the SV method has a 50% larger error
than the DG method on the same mesh. Numerical results in [29] verify very accurately this
quantitative analysis. Similar analysis and comparison have also been performed in [29] for
the third order schemes (p = 2).

Such analysis can reveal the relative efficiency of different methods. It has also been
used in [28] to compare the DG method of Baumann and Oden [2] and the local DG (LDG)
method of Cockburn and Shu [9] for solving the heat equation (3.2). Another application is
in [17], in which this technique is used to compare the regular DG method and the central
DG method [16] for their errors. In [23], this analysis is used to compare the accuracy of

two different formulations of the SV method for solving the heat equation (3.2).
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6 Analysis for superconvergence and error evolution

A very interesting application of the Fourier analysis technique is the recent work of Cheng
and Shu [3, 4] on the analysis of superconvergence and error evolution for the DG method
used on the hyperbolic conservation law (1.1) and the convection diffusion equation (3.1).
The analysis itself is performed only for the linear PDEs (2.1) and (3.2), however numerical
experiments performed in [3, 4] indicate that the conclusions hold true for more general cases
including variable coefficient and nonlinear PDEs, systems and two dimensions.

We define a special projection P, u to be a projection of the exact solution u into the
finite element space Va,, such that

/Phuvdx:/uvdx (6.1)
I I

J J
for any v € PP~! on I, where p is the polynomial degree of the DG solution and P™ denotes

the set of polynomials of degree at most m, and
(Pyu)” =u" at Tj11/2. (6.2)

Similarly, we can define the projection P; u. These special projections are used in the error
estimates of the DG methods to derive optimal L? error bounds in the literature, e.g. in
[30]. Cheng and Shu have shown in [3, 4] that indeed the numerical solution is closer to
one of these special projections of the exact solution than to the exact solution itself. If we
denote e to be the error between the exact solution and numerical solution, and € to be the
error between the numerical solution and the projection of the exact solution, then, using
the Fourier analysis technique, Cheng and Shu have shown in [3] that, for the hyperbolic

PDE (2.1) and the piecewise linear case p = 1,
lle(, )|z < Cy(t+1) Az, (6.3)

and

lle(-, )] |2 < CLt Ax®? 4 Cy Aa?, (6.4)
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where C and Cy are constants which do not depend on t or Az. This leads to the following

conclusions:

1. The error e, which is the difference between the numerical solution and the projection
P, u of the exact solution, is superconvergent by half an order (it converges at 2.5

order rather than second order), and it grows with time at most linearly.

2. The error e between the numerical solution and the exact solution consists of two parts,
a second order part which does not grow with time, and a superconvergent 2.5 order

part which grows with time at most linearly.

3. Consequently, the error e does not grow with time during a long period 0 < t < O (ﬁ) .

Numerical results in [3] have verified these conclusions, and have shown that they hold
true for more general cases: non-uniform meshes, higher order schemes, variable coefficient
and nonlinear problems, systems, and two dimensions.

In [4], similar analysis and numerical experiments are performed for the convection dif-

fusion equation (3.1).

7 Concluding remarks

We have reviewed the application of a Fourier analysis technique for analyzing certain un-
stable “bad” discontinuous Galerkin (DG) schemes, for giving stability analysis to certain
Petrov-Galerkin schemes such as the spectral finite volume (SV) schemes which are not
easily amendable to standard finite element stability analysis approaches, for quantitative
comparison of errors among different schemes, and for analysis of superconvergence and time
evolution of errors for DG schemes. Even though the Fourier analysis technique suffers from
restrictions such as the requirement of uniform meshes, periodic boundary conditions, linear
PDEs with constant coefficients, and applicability only to lower order schemes (because of

the complexity of analyzing large matrices), this review indicates that it can still play an
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important role in many situations where standard finite element techniques do not easily

apply.

References

1]

F. Bassi and S. Rebay, A high-order accurate discontinuous finite element method for
the numerical solution of the compressible Navier-Stokes equations, Journal of Compu-

tational Physics, 131 (1997), 267-279.

C.E. Baumann and J.T. Oden, A discontinuous hp finite element method for convection-
diffusion problems, Computer Methods in Applied Mechanics and Engineering, 175
(1999), 311-341.

Y. Cheng and C.-W. Shu, Superconvergence and time evolution of discontinuous
Galerkin finite element solutions, Journal of Computational Physics, 227 (2008), 9612-
9627.

Y. Cheng and C.-W. Shu, Superconvergence of local discontinuous Galerkin methods for

convection-diffusion equations, submitted to Computers & Structures.

B. Cockburn, S. Hou and C.-W. Shu, The Runge-Kutta local projection discontinuous
Galerkin finite element method for conservation laws IV: the multidimensional case,

Mathematics of Computation, 54 (1990), 545-581.

B. Cockburn, S.-Y. Lin and C.-W. Shu, T'VB Runge-Kutta local projection discontinu-
ous Galerkin finite element method for conservation laws III: one-dimensional systems,

Journal of Computational Physics, 84 (1989), 90-113.

B. Cockburn and C.-W. Shu, TVB Runge-Kutta local projection discontinuous Galerkin
finite element method for conservation laws 11: general framework, Mathematics of Com-

putation, 52 (1989), 411-435.

15



8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

B. Cockburn and C.-W. Shu, The Runge-Kutta discontinuous Galerkin method for con-
servation laws V: multidimensional systems, Journal of Computational Physics, 141

(1998), 199-224.

B. Cockburn and C.-W. Shu, The local discontinuous Galerkin method for time-
dependent convection-diffusion systems, SIAM Journal on Numerical Analysis, 35

(1998), 2440-2463,

B. Cockburn and C.-W. Shu, Runge-Kutta Discontinuous Galerkin methods for

convection-dominated problems, Journal of Scientific Computing, 16 (2001), 173-261.

B. Cockburn and C.-W. Shu, Foreword for the special issue on discontinuous Galerkin

method, Journal of Scientific Computing, 22-23 (2005), 1-3.

C. Dawson, Foreword for the special issue on discontinuous Galerkin method, Computer

Methods in Applied Mechanics and Engineering, 195 (2006), 3183.

S. Gottlieb, C.-W. Shu and E. Tadmor, Strong stability-preserving high-order time dis-
cretization methods, SIAM Review, 43 (2001), 89-112.

G.-S. Jiang and C.-W. Shu, On a cell entropy inequality for discontinuous Galerkin

methods, Mathematics of Computation, 62 (1994), 531-538.

P.-L. Lions and P.E. Souganidis, Convergence of MUSCL and filtered schemes for scalar
conservation law and Hamilton-Jacobi equations, Numerische Mathematik, 69 (1995),

441-470.

Y.-J. Liu, C.-W. Shu, E. Tadmor and M. Zhang, Central discontinuous Galerkin methods
on overlapping cells with a non-oscillatory hierarchical reconstruction, STAM Journal on

Numerical Analysis, 45 (2007), 2442-2467.

[17] Y.-J. Liu, C.-W. Shu, E. Tadmor and M. Zhang, L? stability analysis of the central

discontinuous Galerkin method and a comparison between the central and reqular dis-

16



[24]

[25]

[26]

continuous Galerkin methods, ESAIM: Mathematical Modelling and Numerical Analysis
(M2AN), 42 (2008), 593-607.

S. Osher and E. Tadmor, On the convergence of the difference approximations to scalar

conservation laws, Mathematics of Computation, 50 (1988), 19-51.

W.H. Reed and T.R. Hill, Triangular mesh methods for the neutron transport equation,
Tech. Report LA-UR-73-479, Los Alamos Scientific Laboratory, 1973.

C.-W. Shu, Different formulations of the discontinuous Galerkin method for the viscous
terms, in Advances in Scientific Computing, Z.-C. Shi, M. Mu, W. Xue and J. Zou,

editors, Science Press, Beijing, 2001, 144-155.

C.-W. Shu, Discontinuous Galerkin methods: general approach and stability, to appear

in Advanced Courses in Mathematics — CRM Barcelona, Birkhauser, Springer.

C.-W. Shu and S. Osher, Efficient implementation of essentially non-oscillatory shock-

capturing schemes, Journal of Computational Physics, 77 (1988), 439-471.

Y. Sun and Z.J. Wang, Formulations and analysis of the spectral volume method for the
diffusion equation, Communications in Numerical Methods in Engineering, 20 (2004),

927-937.

Z.J. Wang, Spectral (finite) volume method for conservation laws on unstructured grids:

basic formulation, Journal of Computational Physics, 178 (2002), 210-251.

Z.J. Wang and Y. Liu, Spectral (finite) volume method for conservation laws on unstruc-

tured grids I1: extension to two dimensional scalar equation, Journal of Computational

Physics, 179 (2002), 665-697.

Y. Xu and C.-W. Shu, Local discontinuous Galerkin methods for two classes of two-

dimensional nonlinear wave equations, Physica D, 208 (2005), 21-58.

17



[27]

28]

[30]

[31]

J. Yan and C.-W. Shu, A local discontinuous Galerkin method for KdV type equations,

SIAM Journal on Numerical Analysis, 40 (2002), 769-791.

M. Zhang and C.-W. Shu, An analysis of three different formulations of the discontin-
uwous Galerkin method for diffusion equations, Mathematical Models and Methods in

Applied Sciences (M3AS), 13 (2003), 395-413.

M. Zhang and C.-W. Shu, An analysis of and a comparison between the discontinuous
Galerkin and the spectral finite volume methods, Computers and Fluids, 34 (2005), 581-
592.

Q. Zhang and C.-W. Shu, Error estimates to smooth solutions of Runge-Kutta discon-
tinuous Galerkin methods for scalar conservation laws, STAM Journal on Numerical

Analysis, 42 (2004), 641-666.

Q. Zhang and C.-W. Shu, Error estimates to smooth solutions of Runge-Kutta discon-
tinuous Galerkin method for symmetrizable systems of conservation laws, STAM Journal

on Numerical Analysis, 44 (2006), 1703-1720.

18



