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A multiresolution-based adaptation concept is proposed that aims at accelerating
Discontinuous Galerkin schemes applied to nonlinear hyperbolic conservation laws.
Opposite to standard adaptation concepts no error estimates are needed to tag mesh
elements for refinement. Instead of this, a multiresolution analysis is performed on
a hierarchy of nested grids for the data given on a uniformly refined mesh. This
provides difference information between successive refinement levels, that may be-
come negligibly small in regions where the solution is locally smooth. Applying hard
thresholding the data are highly compressed and local grid adaptation is triggered
by the remaining significant coefficients. A central mathematical problem addressed
in this work is then to show that the adaptive solution is of the same accuracy as
the reference solution on a uniformly refined mesh. Numerical comparisons demon-
strate the efficiency of the concept and provide reliable estimates of the actual error
in the numerical solution.
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1 Introduction

The solution of a nonlinear hyperbolic conservation law typically develops discontinuities. In
order to avoid instabilities in the numerical discretization, Finite Volume (FV) schemes are
frequently used. These have been developed and investigated for many decades. An overview
can be found in the textbooks of Godlewski and Raviart [20], Kroner [30] and Leveque [32].
Although these schemes have proven to be very robust in practice, they suffer from discretization
stencils that are growing with increasing order. In particular, on unstructured meshes this
turns out to be a severe drawback in particular on unstructured meshes. This problem can be
overcome by using Discontinuous Galerkin (DG) schemes which are locally conservative, stable
and high-order accurate. These methods can easily handle complex geometries and meshes with
hanging nodes as well as approximations with locally changing polynomial degree in different
elements. In particular, they are easy to implement and allow for an efficient parallelization.
After their introduction in 1973 by Reed and Hill [37] a major development was carried out
by Cockburn et al. [IT], 10, 8, 12, 13]. A review on Runge-Kutta DG schemes for convection-
dominated problems can be found in [I4]. By now DG methods have been applied to partial
differential equations and ordinary differential equations [9].

Due to the formation of discontinuities the solution of a nonlinear hyperbolic conservation
law often exhibits locally steep gradients and large regions where it is smooth. To account for
the highly nonuniform spatial behavior, we need numerical schemes that adequately resolve the



different scales, i.e., use a high resolution only near sharp transition regions and singularities
but a moderate resolution in regions with smooth, slowly varying behavior of the solution.
For this purpose, strategies for DG discretizations have been discussed or are under current
investigation that aim at adapting the internal degrees of freedom, such as the spatial and
temporal discretization or the discretization order, to the local behavior of the flow field. So
far numerous refinement indicators have been developed that are based on interpolation error
estimates of some key quantity using some a priori knowledge of the solution. Although these
concepts turn out to be very efficient in practice, they offer no reliable error control. For
this purpose, error estimates are needed which provide a control of the actual error in the
approximate solution. Bey and Oden [4] obtained both a priori and a posteriori error estimates
for adaptive strategies. By now many types of a posteriori error estimates have been designed
to control the adaptive process. A lot of work has been done by Flaherty et al. [1I, 38|, Houston
et al. [25], 24] 26], Dedner et al. [I9], and recently Mavriplis et al. [43].

All these approaches have in common that they aim at estimating the error of the solution.
However, in general there are no mathematical rigorous error estimates available for nonlinear
systems of conservation laws arising, for instance, from the balance equations of continuum
mechanics. Therefore we propose an alternative adaptation strategy that does not rely on
the existence of some error estimator. The rationale behind its design is to accelerate a given
DG scheme or a FV scheme (reference scheme) on a uniformly refined mesh (reference mesh)
through computing actually only on a locally refined adapted subgrid, while preserving (up to
a fixed constant multiple) the accuracy of the discretization on the full uniform grid. For this
purpose, a multiresolution analysis (MRA) is performed, where the data corresponding to the
current solution are represented as data on some coarse level and the fine scale information is
encoded in arrays of detail coefficients of ascending resolution. The new data format reveals
insight into the local behaviour of the solution. It can be shown that the details become
small with increasing refinement level when the underlying function is smooth. As suggested
by this so-called cancellation property, we may determine a locally refined grid performing
data compression on the array of detail coefficients using hard thresholding. This significantly
reduces the complexity of the data. Based on the thresholded array local grid adaptation is
performed, where we refine an element whenever there exists a significant detail. Of course,
the crux in this context is to arrange this procedure in such a way that at no stage of the
computation there is ever made use of the fully refined mesh. A central mathematical problem
is then to show that the solution on the adapted mesh is of the same accuracy as the solution
on the reference mesh.

Such multiresolution-based mesh adaptation methods using biorthogonal wavelets [15] have
been introduced in [33, [16] and have been quite successful with FV solvers for compressible
fluid flow, see Bramkamp et al. [5]. A comprehensive review on their development can be
found in [34] and [I7] provides some overview on recent trends. Note, that the rate of decay
of the details fastens with increasing number of vanishing moments of the wavelets, i.e., more
details may be discarded in smooth regions and the adaptive mesh becomes coarser. However,
for biorthogonal wavelets to realize more vanishing moments requires to extend the support
of the wavelet functions. Its construction, in particular, becomes even more complicate on
unstructured grid hierarchies. Therefore it is natural to extend the multiresolution-based mesh
adaptation concept to higher order DG discretizations using so-called multiwavelets [41], 28].
Multiwavelets allow for higher order vanishing moments, while being defined on one mesh
element.

In the present work, we develop the concept of multiresolution-based DG (MR-DG) schemes,



where for the sake of analysis we focus on scalar one-dimensional conservation laws. We em-
phasize that none of the conceptual ingredients are restricted to this frame but can be extended
straight-forwardly to multidimensional systems of conservation laws.

For this purpose, we first summarize in Section [2] the basic ingredients of Runge-Kutta DG
schemes and the main convergence results. These schemes will be used as the reference scheme
that will provide us with data on a reference mesh. In Section [3] we perform a MRA of these
data. For this purpose we embed the reference mesh in a hierarchy of nested grids. In Section 4]
we then derive evolution equations for these detail coefficients by means of the MRA. This set
of equations will be reduced significantly by data compression performing hard thresholding.
In order to control the threshold error that might accumulate in each time step, we have to
make sure that significant information is well-resolved on both the old and the new time level.
For this purpose we need to predict significant detail coefficients from the data of the old
time level, where we have to analyse the evolution of the detail coefficients. This evolution
process is strongly intertwined with the limiting process for the higher order coefficients. This
is investigated in detail in Section [5] where we prove that the accumulative threshold error is
uniformly bounded. Since for scalar problems there is an estimate available for the discretization
error of the reference DG scheme [II], we may then choose a priorily a threshold value that
allows to balance the discretization error with the threshold error. Finally we have implemented
the MR-DG scheme for scalar one-dimensional conservation laws. Numerical comparisons in
Section [6] demonstrate the efficiency of our concept by verifying the reliability of the estimates
of the actual error of numerical solutions.

2 The reference DG scheme

In order to simplify the notation, we confine ourselves to one space dimension. We like to
point out once more that the concepts extend to higher dimensional problems as well. In the
framework of adaptive MR-FV schemes this has been realized for the multidimensional case
and has been successfully applied to complex configurations in fluid dynamics, cf. [5]. Here we
consider the initial value problem for a scalar inhomogeneous conservation law

u(t,x) + (f(ut,2)))e = s(u(t,z)), t>0,zekR,
(2.1)
u(0,2) = up(z), =R

If the initial data ug € BV(R) N L>®(R) N L}(R), the flux f € CY(R) and the source term
s : R — R satisfying a global Lipschitz condition with Lipschitz constant Ls and s(0) = 0,
then there exists a unique entropy solution u € L>(0,7, L, .(R)) for all T > 0, see [35] 311, [42].
We will assume additionally that ug is compactly supported.

Weak formulation The entropy solution is approximated by a DG scheme. Since computa-
tions are only performed on bounded domains and convergence analysis is only performed for
compact sets, we confine ourselves to uniform finite discretizations of Q := [a,b] = UkN;Ol Vi,
where the cells Vi, := [z, xg41], k € Zp := {0, ..., N — 1}, are determined by the discretization
points x, := a + k h with uniform spatial discretization h = (b —a)/N.

On this discretization we introduce the space St := {w € L?([a,b]) : wly, €,1,Vk €Ty}
of piecewise polynomial functions of degree less than p. For this finite-dimensional space we
introduce two sets of basis functions, ®y = {@k.i}trez, icp and ), = {@r,itkez, icp with



P :={0,...,p— 1} such that S? = span ®;, = span ®,. We assume that these functions fulfil
the biorthogonality relation

(Or ity Phi) = 03 it Ok ! (2.2)

and are compactly supported, i.e., supp ¢x; = supp @r; = Vi. Here (f,9)q = [ f(x) g(z) dx
denotes the standard L?-inner product. A typical example are the shifts and translates of the
Legendre polynomials normalized with respect to L> and L', respectively. In order to derive
a DG discretization of the initial value problem , we now assume that the approximate
solution can be written as an expansion of the basis @, i.e.,

un(t, ) = DY opi(t)era() € SE, (2.3)

keI i€P

where the coefficients vy, ; are determined by the biorthogonality relation ([2.2)) as
Vki(t) = (un(t, ), Pr.i)a-

Multiplying (2.1) by ¢r; and integrating over its support Vi we obtain

(Cun(t, e Pridvie + ((F(un(t, ))e, Prajvi = (s(unll, ), Pr.i)vi (2.4)

Inserting ([2.3) into (2.4)) and performing integration by parts we end up with

%Uk,i(t) + flun(t, m))@k,i(ﬂ?)\iz“ — (f(un), Gridvi = (s(un), Gr,i) v (2.5)
where we employ biorthogonality and the local support of the basis functions. Here
xT always denote the right-sided (+) and left-sided (—) limit, respectively. Since the basis
functions and, hence, the approximate solution uy, suffer from jumps at the interval points xy,
the flux evaluations f(up(t,2%)) are replaced by numerical fluxes F(up(t, ;. ), up(t, 7)), where
F :R? = R is a two-point flux function such that

1. F is consistent with the flux f, i.e., Fl(v,v) = f(v) for all v € R,

2. F is Lipschitz continuous, i.e., |F(u1,v1) — F(ua,v2)| < Li|u; — ug| + Lajvy — va| for all
luil, |vi| < C,i=1,2, with C arbitrary but fixed;

3. F is monotone, i.e., nondecreasing in the first argument and nonincreasing in the second
argument.

Typical examples are the flux functions due to Engquist-Osher, (local) Lax-Friedrichs, Go-
dunov, Roe with entropy fix, cf. [20]. In general, monotonicity only holds if a Courant-
Friedrichs-Levy (CFL) condition is satisfied for the time and space discretization. Finally,
we obtain the semi-discrete DG method

d

7 V() = = Flun(t, ), Uh(taff))@k,i(xﬂz:}l + (f(un), Gravic + (s(un), Gri)vi- (2.6



Convergence of DG scheme in the mean The building block for a higher order time dis-
cretization is a forward Euler step applied to (2.6)). For this purpose we introduce the time
discretization t,41 := t, + 7, where for reasons of simplicity the time step 7 > 0 is assumed to
be constant. Then the forward Euler step reads

”Z,Jz‘rl =Up; T (Bl?,z‘ - GLi— 51?,1') ) (2.7)

where the numerical flux F}', the numerical flux balance B} ,, the flux quadrature G}, and the
source quadrature S}, are defined by

= F(uh(t”,x,:),uh(t",:cﬁ)), (2.8)
B, = Iy ‘ﬁk,i(xlzu) - Fy - ‘ﬁk,i(inpv :
ki = (flun(™,), @eivis Sk = (s(un(t™,-)), Pr.i)vi- (2.10)

Typically, convergence of (2.7) is investigated for the averaged function of piecewise constant
data

’l)h(t,.ﬁ) = <uh(t7 ')7 @k,0>Vk = 'UZ,Oa € Vi, tp <t <tpia, (211>

where the right-hand side follows by the biorthogonality of the basis functions. The convergence
proof follows from the framework for finite volume schemes. Therefore, it is naturally to
identify the zero order coefficient ”ﬁo with the cell average. For this purpose, we assume in
the following that ¢ro = h~1 Xy, - Details of the convergence proof can be found in [11].

Here we briefly summarize the main ingredients that are needed later on in the analysis of
the adaptive MR-DG scheme. Following the roadmap of convergence to the entropy solution
of the initial value problem as can be found, for instance, in [39], we have to verify
that the family of grid functions {@y,};, is uniformly bounded in L!, the total variation of the
sequence is uniformly bounded and each of the grid functions is L'-continuous in time. Then by
compactness arguments and Cantor’s diagonalization argument there exists a subsequence of
{tp}1, uniformly convergent on any bounded interval [0,7]. Furthermore, by definition 4y(0, -)
converges to the initial function ug in L*(R) as h tends to 0, cf. [39]. If in addition {dy,}; is
uniformly bounded in L*°, then using the same arguments as in the proof of the Lax-Wendroff
theorem, cf. [20, pp. 100-102], the limit of the subsequence is converging in L>(L}, .(R); [0,T7])
to a weak solution of (2.1). Note that for initial data ug € L'(R) we may infer uniform
boundedness in L> as well as L!-continuity in time provided that the sequence {d};, is total
variation diminishing (TVD), i.e.,

TV (in(t,-)) =D Jof10 — viol S TV(@4(0,-), tn <t <tnp (2.12)
kEeZ

or at least total variation bounded (TVB), i.e.,
TV (up(t,-)) < CTV(un(0,-), tel0,T], (2.13)

where C'is a constant independent of the discretization h. The proof can be found in [20] p. 131],
in the context of FV schemes for homogeneous problems. Since we assume that s(0) = 0, the
proof applies also to inhomogeneous problems and the DG context as well. Since by definition
the total variation of (0, ) is bounded by the total variation of wg, cf. [39)], the right-hand
sides in and can be bounded independently of the discretization only depending



on the initial data ug € BV (R) and the interval [0,7]. In order to prove convergence of the
sequence {4y, }p, it is sufficient to verify the TVD or TVB property. For homogeneous problems,
Cockburn and Shu [11] give the sufficient conditions

— 7+ R —
v -7 v -7
_ggugl’ _QS_MSL (2.14)
Vk+1,0 — Vk,0 Vk+1,0 — Vk,0

that ensure the TVD condition under the CFL condition (L1 + Lg) 7/h < 1/(1 4+ ), where

Ty = Z Okyi Ohi(Tpyq),  Tp o= — Z v ri(zy),  P*i=P\{0} (2.15)

1€P* i€P*

denote the contribution of the higher order coefficients to the values of uy at the cell interfaces.
In the inhomogeneous case, we have to relax TVD by TVB, but in principle the proof works
also in this case under the above assumptions on the source function s. In order to ensure
the conditions , the values Ef are modified typically using local projection limiters. For
instance, in [11] the following two examples are given:

Example 1: (van Leer limiter)

~+ _
U, =m (vf, Vk41,0 — Vk,0, Vk,0 — U]f_Lo) (2.16)
Example 2: (Shu limiter)
4+ —+
=+ Uy, y |Uk’ < Mh2 917
Vg = —+ _ _ 1 ( : )
m(T, Vk4+1,0 — Vk,0, Vk,0 — Uk—1,0) , else.
Here m denotes the standard minmod function defined as
_f smini<i<plai| , sgn(ar) =...=sgn(a,) =s
m(ai, ..., ap) = { 0 | else. (2.18)

The constant M in the Shu limiter has to be chosen appropriately such that the loss of accuracy
at critical points as in case of the van Leer limiter is avoided. It typically depends on the bound
My to be chosen such that |uz.| < Ms in any region where u € C?. If we now replace the
numerical flux in the discrete evolution equation by

~— ~+
Fy, = F(Uk—l,O + U _q, Vk,0 — Uk) (219)

using either the van Leer or the Shu limiter, then the conditions hold for 8 = 1 and, hence,
the sequence {dy,}p, is TVD (van Leer) and TVB (Shu) in case of a homogeneous problem. In
the general inhomogeneous case, it is TVB for both limiters. Note that ﬁt is only a modification
on some combinations of higher order coefficients vy ;, i € P*. Since the limiting process is
performed locally on each cell Vi, one might split the limiting step from the evolution step,
where we first compute modified higher order coefficients v ; that are determined such that

~ — ~— ~ ~+
Z Ok,i Ph,i(Tp) = Vg Z Uk pha(T))) = Ty - (2.20)
i€P* i€P*

For p = 2,3 this leads to uniquely determined coefficients, for p > 3 the coefficients are no
longer unique, cf. [II]. Note that by the above limiting process the zero-order coefficients
remain unchanged, i.e., the limiting process is conservative.



Finally, if the minmod function (2.18]) in the van Leer limiter (2.16)) and the Shu limiter
(2.17)) is replaced by m(a1, az, as,sign(a;)Cy h*) for some fixed C,, > 0 and a > 0, i.e.,

Ty | < Co h® (2.21)

holds, then the sequence {uy,}), converges to the unique entropy solution and the error on any
bounded domain 2 C R can be estimated by

1@ — | oo o1 () < C(T, Q) RR(L/2, (2.22)

This follows from the convergence of quasi-monotone finite volume schemes, cf. [7], where the
numerical flux in the evolution equation for the zero-order coefficients ¢ = 0 is rewritten
as a quasi-monotone flux, i.e., a perturbation of the two-point monotone flux F' where the
perturbation is uniformly bounded by h®. Then the entropy production rate vanishes when A
tends to zero.

Runge-Kutta time discretization For a higher order time discretization we have to apply an
appropriate time discretization to the semi-discrete DG scheme that can be considered
a system of ordinary differential equations (ODE). In view of convergence, the ODE solver
has to be chosen such that the TVD property (homogeneous case) and the TVB property
(inhomogeneous case), respectively, are maintained. For this purpose, Shu and Osher [40]
introduced a new class of m-stage Runge-Kutta (RK) methods that can be written as

u® = VP = {0} Yeer, icp
s—1

u® = (%j u? 178, Lh(uu))), s=1,....m (2.23)
j=0

VZ—H — u(m),

where we introduce the notation u := {uy ; }xez, iep. Then the operator Ly (u) := {Ly ;(0) ke, icp
is defined as the right-hand side in , where the piecewise polynomial function uy(t,-) is
determined by with coefficients u. In order to be consistent in the trivial case where the
right-hand side in vanishes, i.e., L = 0, the coefficients have to satisfy the consistency
condition

s—1
dag =1, s=1,...,m. (2.24)
j=0

This representation allows to rewrite the evolution on each intermediate stage in (2.23)) as a
forward Euler step

s—1 s—1
u® = Zas,j <u(7) + Ty j Lh(u(]))> = Zas,j 5(u(]),Ts7j), s=1,...,m (2.25)
j=0 Jj=0
with time step size 7,; = 7 s,/ ;. Here we assume that [, ; vanishes whenever a; is

zero. In addition, if the coefficients o ; are non-negative, then the RK method (2.6) can be
interpreted as a convex combination of forward Euler steps. This allows to extend any stability
condition for the forward Euler step to the RK method. Formally a stability condition can be
written as

p(g(uth)) < p(Uh) (1 + CT)a T < TFE, (226)



where p denotes a sublinear functional and ¢ > 0 some constant independent of the discretiza-
tion. Assuming that the coefficients 3, ; are also non-negative, then by induction on the RK
stages the stability result follows for the RK step, i.e.,

Vi) < p(vi) (L+E7), 7 max B /a < T, (2.27)
This result also holds for negative coefficients 3, ;, where the operator Ly, is replaced by L,
and —Lj, is an operator approximating the time inverse problem of , ie.,t=—t.

Originally, the Shu-Osher RK schemes have been designed to maintain the TVD property,
i.e., the sublinear functional p is chosen as the TV semi-norm, and therefore these methods
were introduced as TVD-RK methods, cf. [40]. Nowadays the notion has changed to nonlinear
strongly stability preserving (SSP) RK methods, cf. [21I, 29]. Note that “strongly” refers to
c=7¢=01in (2.26) and (2.27). For the homogeneous problem the strong stability result can be
verified, but for the inhomogeneous case we have to relax the stability condition in the above
sense corresponding to TVB instead of TVD.

In summary, if we apply a TVD-RK method to the semi-discrete DG scheme , then
the higher order discretization inherits the TVB property from the DG scheme in the mean
determined by the forward Fuler step . According to the above discussion on the
convergence, the DG scheme in the mean with this higher order discretization is converging.

Convergence of DG scheme So far the convergence of the DG scheme in the mean 1y, has
been discussed. To infer now convergence of the DG scheme uy, a perturbation argument is
used. A sufficient condition is to assume that the difference of the DG scheme and its mean
value can be bounded by the total variation of the mean function, i.e.,

Jun(t,-) — an(t, )l < ch TV (in(t,)) (2.28)

holds for any ¢ € [0,7] , where ¢ > 0 is a constant independent of the discretization. Then
convergence can be concluded from

lun(t,-) =t )llp < llun(t,-) = an(t, )y + llan(t, ) = ult, )l o (2.29)

and the TVD/TVB property (2.12)), (2.13) as well as the convergence of the DG scheme in the
mean. Note that the condition (2.28]) holds provided that the limited higher order coefficients
Uk,; can be estimated by

|9k,i] < c1 min(|vgt1,0 — Vkols [Vko — ve—1,0]) + c2 h®, i € P*. (2.30)

In case of p = 2,3, this sufficient condition can be verified for the coefficients 0y, ; that are
uniquely determined by (2.20)).

3 Multiresolution analysis

The DG discretization typically works on an array of coefficients. In order to realize a certain
target accuracy at the expense of a possibly low number of degrees of freedom, viz. a possibly
low computational effort, one should keep the size of the cells large wherever the data exhibit
little variation, reflecting a high regularity of the searched solution components. Our analysis
of the local regularity behavior of the data is based on the concept of multiwavelets, cf. [2§].



This can be considered a natural extension of the MRA for cell averages corresponding to a FV
discretization, i.e., p = 1, where biorthogonal wavelets have been used to construct an appro-
priate MRA, cf. [I8, [33]. Here we will briefly summarize the basic ideas of the MRA concept.
Although we will confine ourselves to the one-dimensional case the framework is applicable
to arbitrary discretizations in higher dimensions. The core ingredients are (i) a hierarchy of
nested grids, (ii) (biorthogonal) multiwavelets and (iii) the multiscale decomposition. Note that
the multiwavelet MRA generalizes the discrete MRA in [3], [44] motivated by Harten’s original
discrete framework [23] for cell averages.

Grid hierarchy Starting point for the construction of a MRA is a sequence of nested grids.
Here we confine ourselves to 1D dyadic grid refinements on the interval Q = [a, b], see Figure
for an illustration. Let G := {Vjx}trez,, Tt = {0,...,N; — 1}, [ € Ny, be a sequence of grids
with increasing resolution. These meshes are composed of the intervals Vi, = [z, 2 f+1]
determined by the discretization points x;; := a + kh; with uniform spatial discretization
h; = (b — a)/N;. The cell center is given by &, = (215 + 1 k+1)/2. Hence, the resulting grid
hierarchy is nested because of the subdivision

Vik = Vig126 U Vi1 2641, Vk e, | €Ny (3.1)

ok 2kt 1

k

Figure 1: Sequence of nested dyadic grids

Multiresolution sequence On the above hierarchy of nested grids we introduce the spaces
SP={f e L*[a,b]): flvi, € Mpo1, Yk € I} (3.2)
of piecewise polynomial functions of degree less than p. Obviously, these spaces are nested, i.e.,

SpcSYc..cSPc..cL?a,b]). (3.3)

Hence, there exist complement spaces Vle such that

SP

ta=Stew}, S=Sfewfowle..eW,, (3.4)

These spaces are spanned by the single-scale basis and the multiwavelet basis

(I)f = {(p”m' kel i€ P}, \Iff = {Ib”m' kel i e P}, (3.5)

10



respectively, i.e., Slp = span <I>f and Vle = span \I’f . The multiresolution sequence is assumed
to be dense in La([a, b)), i.e.,

L*([a,b]) = clos 2 {span (®P)} = clos 2 {span (¥P)}, (3.6)

where @7 := o, PP and P := <1>8UUleNo WP are the single-scale basis and the multiscale basis
of order p for L?([a, b)), respectively. Then any function u € La([a,b]) can be approximated by
the sequence of projections

L1
UL =YY ULkiPLki = D D UokiPoki T D, D D diki Pk (3.7)

keZy, ic€P k€T icP 1=0 k&I, i€P
that is uniformly converging to w in L?. If there exists a dual system
(i)f = {‘ﬁl,k,i kel i€ P}, \iff = {1)517’?71' kel i€ P}, (38)

of biorthogonal functions, i.e., ®UP! is orthogonal to ®7 UL, then the single-scale coefficients
and wavelet coefficients (details) in (3.7) are determined by

Wi = (U Prieidasy ki = (W) a- (3.9)

In particular, if 7 U WY is orthogonal, then it coincides with the dual system.

Construction of bases Since the space S contains piecewise polynomial functions that are
not necessarily continuous at the cell edges, the design of appropriate basis functions can
be performed independently for each cell Vj, where we take into account the nesting .
In a first step we therefore need to construct an appropriate basis for the space II,_1 on
Vig, ie., (I)ﬁk = {@ks @ € P}. In a second step, we then have to find a completion
U7y, o= {ti; + i € P} of ], such that span(®y, U U7, ) = span(®],, 5, U P}, 511 q)- The
construction of appropriate wavelet functions is subject to certain constraints:

(i) they are locally supported, i.e.,

SUDD @y ki = SUPP Yy ki = SUPD Fr ki = SUPP Yr ki = Vig (3.10)
(ii) provide vanishing moments of order M, ; > 1, i.e.,
(P ki)fay =0, VP €Ty, -1 (3.11)
(iii) there exists a biorthogonal system of dual functions, i.e.,
(Plk,is Pui i Vah) = Oiit Ok k! <<Pl,k,i71;l,k’,i’>[a,b} =0, (3.12)
Wi Vi i Vap) = Ot Okers (Viksis Pt Va) = O- (3.13)

The existence of a dual basis is closely related to the Riesz basis property of the infinite collection
O U2, P of La([a,b]). This is typically hard to satisfy. For details we refer to the concept
of stable completions, see [6].

With regard to the convergence analysis in Section [2] we assume that the primal and dual
functions are normalized with respect to L> and L', respectively, i.e.,

Lo Wkl o (o) S 15 (3.14)
Lo killo o) S 1 (3.15)

1k

| Lo (jad]) S
| @.k.i <

| L1 (a0))
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where “<” denotes a bound up to some constant independent of the level [ and the position k.
Furthermore, we assume that ¢; ;¢ coincides with the L'-normalized characteristic function,
ie.,

Breo = Xy, - (3.16)

Hence, the zero order coefficients in coincide with cell averages, i.e., the DG scheme in
the mean can be considered as a F'V discretization.

Typically the local basis functions with respect to a cell V; ;, are deduced from a set of basis
functions on some reference element [0, 1], i.e.,

ki = pil(x — Tik) /M), l/ju“ = ?@;((l’ — &)/ ), (3.17)
Prii = Pi((x — Typ) /M), Yirs = Yi((x — Tyx) /), (3.18)

where the primal and dual mother functions ;, ¥; and @;, 1;1 are normalized with respect to
L>=([0,1]) and L'([0,1]), respectively, satisfying biorthogonal relations similar to and
(3.13)). Later on we need to estimate the derivatives of the primal scaling functions. Obviously,
these are bounded by

.

< hl_r dar ©;

Loo(Vik)

= h; " Dy (3.19)

|
Les([0,1])

dar Pl ki

An important example that fits into the above general frame is Alpert’s orthogonal multi-
wavelet basis, cf. [2]. It is summarized in Appendix [A.1]

Cancellation property The vanishing moments (3.11)) and the normalization (3.15]) imply that
the details become small with increasing refinement level when the underlying function is locally
smooth, i.e.,

|y 1 i) ap) | < pnf (= P i) ap] S 27 M lullwror - (3.20)

ellpy—1 ’
Here we assume that the grid hierarchy is quasi-uniform in the sense that the diameters of
the cells on each level [ are proportional to 27!. More precisely, the details decay at a rate
of at least 27'M  provided that the function u has sufficient regularity on the support of the
multiwavelet, i.e., u € WhHM (Vik), and the multiwavelet has vanishing moments of order M.
In fact, the higher M the more details may be discarded in smooth regions. Typically, the
minimal number of vanishing moments is determined by M = M,,; > p. Therefore, opposite to
biorthogonal wavelets, the number of vanishing moments can be easily improved by increasing
the order p without enlarging the support.

Multiscale transformation In order to exploit the above compression potential, the idea is to
transform the array of single-scale coefficients corresponding to a finest uniform discretization
level

ur = (Upp)kez,, ULk = (ULki)icP (3.21)

into a sequence of coarse grid data and details

o = (Wok)kezy, = (dig)rezr;, dik:= (digi)iep, (=0,...,L—1, (3.22)
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representing the successive update from a coarser resolution to a finer resolution. Here the
coefficients w1 ; and d;; are defined according to (3.9). In fact, the single-scale and the
multiscale representation realize the change of basis in

For this purpose, we first note that the nesting of the spaces as well as the biorthogo-
nality relations and ensure the existence of the two-scale decomposition

~ ~ 0,8 ~ .
Brri = Y. D M G okss s i€ P (3.23)
JEP s€{0,1}
7 1~ :
ki = D Y. M P12k s, 1 €P (3.24)
JEP s€{0,1}
and its inverse
~ ~0.5 ~ ~ 7 .
Blelhesi = Y (gij@l,k,j + Qifwl,k,j> ; s€{0,1}, i e P. (3.25)
jeP

Here the mask coeflicients are determined by the biorthogonality conditions as

_ 0, s 1, ~
My = APukir Pt 2krsaby Ty = WDkis Ple12k+s,5) [ab]> (3.26)
~07 P "’17 7

95 = APrr12krsi Plkida)y  Gij = (Pre12ktsi> Vik ) ap)- (3.27)

In summary, according to (3.7)), the change of basis provides two—scale relations for the coef-
ficients inherited from the two—scale relations of the single-scale functions and the multiwavelet
functions,

~ 0, .
Ui = Y > MU 12kt 1€ P (3.28)
JEP s€{0,1}
-1, .
digi = Z Z mijul+1,2k+s,j, i€P, (3.29)
JEP s€{0,1}
and, conversely,
-0, -1, ,
U1 2kt = (gi,jsul,k,j + gmsdz,k,j> , s€{0,1}, i € P, (3.30)
JEP

which reflects the typical cascadic format of a wavelet transform. The two-scale relations are
illustrated for the 1D case in Figure A successive application of the relations (3.28) and
, see Figure , decomposes the array uy, into coarse scale coefficients dg and higher level
fluctuations dg,...,dr—1. We refer to this transformation as the multiscale transformation
determined by the multiscale operator My, : up — (ug,do,...,dr—1) with
u = MlzjoulJrl, dl = M17:1ﬁl+1-

Here the mask matrices M; o and M;; are defined by the mask coefficients ﬁz?; and ﬁli’;,
respectively. It is reversed by recursively applying the two-scale relation . The result-
ing inverse multiscale transformation is described by the inverse multiscale operator le :
(uo, do, . 7dL71) — uy, with

T T
U4 = qul + Gl,ldl-

Here again the mask matrices G;o and Gy ; are determined by the mask coefficients §g’js and

~1,s .
9ij respectively.
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= + =

Fine Coarse Detail

ur ur-—1 s u Uo
\dL—l\"' \dl \do
Figure 2: Two-scale Transformation (p = 1) Figure 3: Multiscale transformation
Thresholding and approximation Due to the cancellation property, details might become

negligibly small whenever the underlying function is locally smooth. This gives rise to hard
thresholding characterized by the index set

Dz—: = {(l,k’,l) : |dl7k7i| > El}.

Here £ denotes the threshold value. The level-dependent threshold values ¢; are determined by

an appropriate scaling of . Later on we will choose ¢; := 2/=L' ¢. Then the threshold operator
Tp. : (up,dy,...,dr—1) — (0g,do,...,dr—1) is defined element-wise by

7 . dl,k,i ) (lv k, 7’) €D ~ ._

di i = { 0  else ; Up ki i= U0k, K € Lo

Note that thresholding is not performed on the coarse-scale averages in order to maintain the
conservation property of the adaptive DG scheme.

Later on we will perform thresholding also for an arbitrary index set D instead of D.. Let
uy, and U, 5. be the projections according to corresponding to the coefficients uy;, and
Apur, where

Ap == M Tp My, (3.31)

and, in particular for D = D,,

A= M Tp. M. (3.32)

In order to investigate the approximation error introduced by thresholding we first note that

by (3.7) we may write for any x € V., r € I,

L—1
up() = Y > digatiei(e) = Y diy i), (3.33)

I=—1keTI;, i€P (Lkg)ESL

where we define d_1; := v0,0,i, ¥-1,0,i := ®0,04; and Z_; := Zy. Note that for x € Vg, the

summation in (3.33|) is performed only for those indices (I,k,) with « € supp ¥y = Vi
according to 1} These indices are determined by the support Xy, ,

iL,r = {(l, k:,i) : VLJ« N Vl,k % 0,l=-1,...,.L—1,i¢€ P} (334)
= {(,|r/2¥ i) l==1,..,L—1,i€ P}

corresponding to Vz, . The last identity holds because of the dyadic grid hierarchy (3.1)), where
l4+ := max(0,7). Then we may rewrite uy, locally as

L-1
un(@) = Y dthiri(@) =Y A e Wy erte (@) (3.35)

(Lkg)EX, iePl=-1
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and the approximation error due to thresholding is locally determined by

ur(z) —ur,p,. (z Z di ki YLk = Z A’ itk (z). (3.36)

(L,k,i)@De (1,k,5)€XL,»\De

Then we can estimate the approximation error in the Li-metric, g € [1,00), by

(Lk,i)¢De

Since 1y 1,; has compact support and is normalized with respect to L according to (3.10) and

(3.14), we infer

kil gy < (5upP Yuki) [dnnall] ) S 27

The non-significant multiscale coefficients can be estimated by |dy ;| < &7, for all (I, k,4) & D..
There are at most p Ny 2'+ coefficients on level . Hence, the approximation error is bounded
by

L—1 L—1
1
_ q-—1L —
luz = uro o) S D (€)= a0 (1+Zaq> <e(1+o—7) 5 (339

I=—1 =0

where we choose ¢, = a'+~Le, @ > 1.
In case of ¢ = oo we have to proceed slightly different. Since /1 ; is normalized with respect

to L, we conclude from (3.36)) and (3.34))

L—1
ur(z) —urp. (@) < Y gl Woks@)] S Y. e =Y @ re e
(lvk7i)€iL,r\Ds (l,k,i)eiL,T =1

A similar result holds for the approximation error of the mean function (2.11)). According to
(3.36]) this error is determined by

ur(z) —arp, () = Z A iVLk,is PL0) [ab]s r eV, (3.39)
(Lk4)€ESL - \De

By the normalization (3.14]) and (3.15]) of the basis functions the inner products are uniformly
bounded, i.e.,

‘<¢l,k,i7 @L,T,U>[a,b]‘ S 17 (la kv Z) S iL,T-

Hence we conclude in a similar way as above
i () — dp. (x) < > Z a+le<e,  xevi,. (3.40)
(l,k,i)EiL’r I=-1
Then we obtain for the approximation error of the mean function in the L%-metric, ¢ € [1, 00)
lar = arpfaq = D / —ar,p, (z)|%dz < €,
relr,

where we use } 7 hr = (b—a) < 00, i.e., the boundedness of the domain = [a,b]. For
q = oo the result directly follows from ([3.40)). Thus we have proven the following proposition.
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Proposition 1 (Approzimation error)
Let Q = [a, b] be bounded and &y = @ ~Le witha > 1. Then the approzimation error with respect
to the set of significant details D. is uniformly bounded with respect to L1(2), q € [1, 0], i.e.,

lur —urpray Se and  |lap — L p.llLe@) S (3.41)

4 Adaptive multiresolution DG scheme

We now combine the MRA in Section [B] with the DG scheme presented in Section [2 The
idea is first to derive evolution equations for the single-scale and the multiscale coefficients,
respectively, and then to apply thresholding to discard non-significant contributions and, hence,
to reduce the complexity of the evolution system. The procedure is similar to the derivation of
adaptive MR-FV schemes, cf. [33]. Starting point is a given DG discretization that is defined
on the uniform highest resolution level L, i.e., v, = uy with vgx; = vi; in . This will
be referred to as the reference scheme on the reference mesh. Since for the time discretization
a TVD-Runge-Kutta method is used, where each stage can be interpreted as a linear
combination of forward Euler steps, we confine ourselves to the forward Euler step with
, and . Furthermore, the limiting process is split from the evolution process as
is justified by and .

In a first step we now apply the two-scale relation to the evolution equation ,
where we replace 11 2x+5,; by vlu+1,2k+s,j for y = n and p = n+ 1. Then we recursively obtain
for any k € Z;, i € P, the two-scale evolution equations for the single-scale coefficients

1
Ving = Uik — 7 (Biki = Glri — Siki) (4.1)

where we proceed levelwise from fine to coarse. It turns out that the numerical flux F}%, the
numerical flux balance B}, ;, the flux quadrature G, ; and the source quadrature S}, are
recursively determined by

F‘ﬁk = Fﬁkl,Qk =...= F[’CL,QL—lk — F(UL(tn7 x;yzL—lk)a UL(tnv xZ,QL—lk))’ (42>
Blvi = Flipr Puki(@p) — Fl - duei(efy), (4.3)
~ 07 ~
Glgi = Z Zmist?—‘rIQk—i—s,j = / flop(t™, )@y 4(2) de, (4.4)
s€{0,1} jEP Vik
-0, -
Stki = Z M S1 1 2ks = / s(ur(t", z)) - Guk,i(w) du. (4.5)
s€{0,1} j€P Vik

Details of the derivation can be found in Appendix[A2] Note that due to the nestedness of the
grid hierarchy and the consistency property of the numerical fluxes, the flux balances are only
computed by the fine-scale fluxes corresponding to the edges of the coarse cell, see . These,
in particular, have to be determined by the fine scale data. However, the internal fluxes cancel
and, hence, the overall complexity is reduced, because we only have to compute two fluxes for
Vi i instead of 2L~ 1 fluxes corresponding to the cells Vior—tpyr, 7 =0,..., 2L~ _1. In higher
dimensions, the subdivision of the cell faces has to be taken into account. For instance, for
a d-dimensional Cartesian grid hierarchy we would have to compute 2d 2(6=D(4=1) fluxes that
correspond to all interfaces on level L that form a partition of an interface on a coarser scale [.
On the other hand, the volume integrals of the flux and source quadrature, and , are
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determined by the sum of all integrals on the finest scale L according to (2.10]). Hence there is
no complexity reduction, i.e., we still have the complexity of the reference grid. However, if the
integrals can be computed exactly, then this sum can be replaced by one integral on the local
scale [.

Similarly, we derive evolution equations for the details where we recursively apply the mul-
tiscale transformation to the evolution equations of the single-scale coefficients for
I =L —1,0. Then the evolution process on the uniform reference mesh is equivalent
to the evolution of the multiscale coefficients, i.e., coarse-scale coefficients and details,

1
vg—]i)_l = ki — T (Bogi— Gori— Soni) (4.6)

1 N —-—n - n
difi = A — 7 (Bigi — Gigi — Siki) - (4.7)

Here the numerical flux balance, the flux quadrature and the source quadrature differ from

those in (4.1)):
. 1,
Blyi = > Y i Bl g =

JEP s€{0,1}
Flisr - Vuki(@ 1) — Flie - ki) +
F1lr}|-1,2k’+1 : (¢l7k7i(xljr172k+1) wl ki :1:[+1 2k+1)) (48)
-1,
i = 2 2 WGl = Y [ fout el e (49
JEP s€{0,1} se{0,1} 7V Vi+1.2k+s
~ 1 i
§?k1 = Z Z ST 2k+4s,j — / s(uL(t", @) - Yuki() dz. (4.10)
JEP s€{0,1} Vik

In particular, we note that the multiwavelet v ; typically jumps at the cell center Typpl =
Z1+1,2k+1- Therefore the internal numerical flux F[_‘H,Qk 41 does not cancel in and we have
to split the integral in into two subintervals. These equations are employed later on in the
analysis of the adaptive scheme. Details on their derivation can be found again in Appendix
However, in practice, it is more convenient to use for the cells of the locally refined
grid.

According to the change of basis applied to , the evolution step of the reference

scheme can be rewritten as
L—-1
1 _ 1 1
vt =D ) vikieori T DL Y D ik ik (4.11)
k€To i€P 1=0 keZ; ieP

where the multiscale coefficients are determined by and . As is motivated by the
cancellation property , we may reduce the degrees of freedom by applying first data
compression to the multiscale coefficients without loosing significantly in accuracy. Then the
compressed set of equations is solved on a locally refined adaptive grid.

Data compression The idea of the adaptive DG scheme is to perform the evolution step only
for significant details

D= {( ki) 5 a5l > e, i€ P ke T, L {0, L-1}}
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and to discard all other equations. Since this set cannot be computed before the data at time
level "1 are known, a prediction set D"+! has to be computed from D" such that the reliability

condition 3
pruprtt ¢ prtt (4.12)

holds. In particular, this condition must be satisfied after having performed the whole update
consisting of the evolution step and the limiting process. In Section [5.2] we will present a
prediction strategy satisfying the reliability condition (4.12]).

Adaptive grid According to the change of basis , the reduced system of evolution equa-
tions for the significant multiscale coefficients corresponding to the prediction set D"! can
be replaced by a system of evolution equations for single-scale coefficients corresponding to a
locally refined grid G™'. The adaptive grid is characterized by the index set G C {(l,k); k €
I, 1 =0,...,L}, ie, R = U(l,k)eg Vi with |V N Vpg| = 0 for (I,k) # (I', k'), which is
computed from D = D", For this purpose we have to assume that D is a tree, i.c., the
relation

(l,k,i) e D= (l,k,j) € Dand (I —1,|k/2],j) €D VjeP, (4.13)

holds for any [ € {1,...,L — 1}. Note that in case of adaptive MR-FV schemes [33] the tree
has to be graded of degree ¢ > 1. This leads to larger trees and, hence, degrades the efficiency.
Then G can be determined recursively. For this purpose, the index set G is initialized by all
indices of the coarsest discretization. Then, traversing through the levels from coarse to fine
we proceed as follows: if (I,k,4) € D for some ¢ € P, then the cell V}, is locally refined, i.e.,
the index ([, k) is removed from G and the indices of the subcells on the finer level are added
to G. Finally, we obtain a locally adapted grid which naturally corresponds to the outer leaves
of the tree of significant details. Note that, if D is a tree, the system of evolution equations for
the single-scale coefficients on grid G is equivalent to the system of evolution equations for the
multiscale coefficients.

Change of basis By the sets D and G a local change of basis is performed that, in analogy

to , reads:
vg, = Z Zvl,k,i Olki = Z ZUO,k,z‘ 0ok, + Z dy ki Vi i (4.14)

(1,k)EG i€P keZy icP (Lki)ED

For analytical purposes it is convenient to write the evolution process in terms of the multiscale
coefficients. However, from a practical point of view, it is preferable to evolve the cell averages
according to (4.1)) on a locally refined grid, because the local single-scale coefficients are needed
in the limiting process. Moreover, we need to evaluate vy, when computing the numerical flux
(4.2) as well as the flux quadrature (4.4) and source quadrature . For this purpose, the
evaluation of the single-scale representation is more efficient.

Finally, we summarize the adaptive MR-DG scheme in the following algorithm. It basically
consists of three steps corresponding to (i) refinement, (ii) limiting and evolution as well as (iii)
coarsening.

Algorithm 1 (Adaptive MR-DG scheme)
Step 1. (Refinement) Determine the prediction set D™ and apply the approzimation operator
Apnir to the given data, i.e., compute

Vz,'ﬁ"hLl = Aﬁn+lvz7’Dn. (415)
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Step 2a. (Limiting) We apply a limiter to the data on the adaptive grid G" 1 where only
the higher order coefficients on the highest resolution level v}j‘”,;li, i € P*, (L,k) € G"L) are
modified, i.e.,

—n L _ n . -n _.mn Sn+1
VL,'D”"'I = HL,D""'lVL"[)"H‘l wlth UL,k‘,O = vL,k,O’ (L, k;) S g . (416)

Step 2b. (Ewvolution) Perform time evolution of the multiscale coefficients corresponding to the
predictz'on set D" that are determined by the limited data V’L‘,Dnﬂ according to , ,
i.€.,

~n+1 —

Vz:%rH—l = gL,'ﬁ”+1v7z,,ﬁn+1 . (417)
Since D" s supposed to be a tree, we may equivalently evolve the single-scale coefficients on
the adaptive grid corresponding to the set G"T1 in time according to .
Step 3. (Coarsening) Threshold the data on the new time level by applying the approximation

operator A., i.e.,
VZJFDI,LH = 'A€‘~’z7%1n+1‘ (4.18)
We emphasize that all operators are applied locally, i.e., the multiscale operators M, le,
the threshold operator 7p and the approximation operator Ap only work on the set D of
significant coefficients. Therefore, if the integrals in the flux quadrature (4.4) and the source
quadrature can be computed ezactly, then the complexity of the resulting algorithm might
be significantly reduced from the cardinality of the reference mesh to the cardinality of the set
D. Otherwise we have to approximate the local integrals such that the error can be uniformly
bounded by the local threshold value g;. This has been investigated in detail for adaptive
MR-FV schemes in [27].

5 Error analysis

The objective of the proposed adaptive MR-DG scheme is to reduce for a given DG scheme
performed on the uniform reference mesh computational cost and memory requirements while
preserving the accuracy of the reference scheme. In order to achieve this, we proceed similarly
as in case of the adaptive MR-FV scheme, cf. [33], using a perturbation argument. For this
purpose we first introduce the entropy solution u of the initial value problem and its
projection uy, to the space Sﬁ according to . Let vy, and vp . denote the approximate
solution functions determined by the reference DG scheme and the adaptive MR-DG scheme,
respectively. An ideal strategy would be to prescribe an error tolerance tol. Then the number
of refinement levels L should be determined during the computation such that the error meets
the tolerance, i.e.,
lan(t,) = on.e(t ey < tol

for possibly small L. Here @, denotes the mean of a function wy, € S7 according to (2.11)).
Since in general no error estimator is available for the adaptive scheme, we split the error into
two parts corresponding to the discretization error ny, := Gy, — 0, of the reference DG scheme
and the perturbation error €, := 0y, — U, i.e.,

laL(t,-) = Lty < L)ooy + 1ent, )l @) < tol. (5.1)

We now assume that there is an a priori error estimate (2.22)) of the discretization error, i.e.,
9L M L) ~ hg where hy, denotes the spatial step size and 3 the convergence order. Then,
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ideally we would determine the number of refinement levels L such that hg ~ tol. In order
to preserve the accuracy of the reference DG scheme we may now admit a perturbation error
which is proportional to the discretization error, i.e., |[éL(t,)l[z1) ~ IHL(t;)|lL1 (@) From
this, we conclude

L = L(tol,3) and e=¢(L). (5.2)

Therefore it remains to verify that the perturbation error can be controlled. Note that in
each time step we introduce an error due to the thresholding procedure. Obviously, this error
accumulates in each step, i.e., the best we can hope for is an estimate of the form

ler(tn, )L < Cne.

However, the threshold error may be amplified in addition by the evolution step. In order to
control the cumulative perturbation error, we have to prove that the constant C' is independent
of L, n, 7 and e. For this purpose, we will consider the following two issues in more detail,
namely, (i) the uniform boundedness of the perturbation error and (ii) the reliability of the
prediction procedure. Again, the analysis is only performed for a forward Euler time step.
Due to the stability property it also holds for the general case of a TVD-RK time
discretization, where we apply Algorithm (1| to each Runge-Kutta stage in .

5.1 Perturbation error

In a first step we verify the uniform boundedness of the perturbation error between the reference
DG scheme and the adaptive MR-DG scheme. For this purpose, we rewrite both schemes at
some time ¢, in single-scale representation as

vr(z) = Z sz,k,iSOL,k,i(x)a vr (@) = Z ZEZk,i‘PL,k,i(x)a z € (5.3)

kel ieP kely ieP

according to . Note that for the adaptive scheme we prolongate the coefficients from the
adaptive grid to the reference grid performing a change of basis according to , where we
put all missing detail coefficients to zero.

According to the single-scale representations are characterized by the sequence of
coefficients vy, and Vv, respectively. Since we assume that the initial data ug are compactly
supported, then, by the finite speed of propagation the solution is compactly supported as well.
Therefore it is sufficient to consider an arbitrary but fixed compact set € = [a,b] containing
the support of u for ¢ € [0, T7.

In order to investigate the perturbation error, we introduce the following discrete operators
defined on the coefficients of the single-scale representation:

1. the limiting operator I, satisfying the sufficient TVB condition (2.30) on the reference
mesh and acting only on the higher order coefficients in order to maintain the conservation

property,

2. the evolution operator &;, of the reference DG scheme determined by (2.7), where the
numerical flux, the numerical flux balance, the flux quadrature and the source quadrature

are determined by (2.8]), (2.9) and (2.10]) on the reference mesh,
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3. the prediction operator Az, determined by (3.31)) realizing the refinement step (4.15)
in Algorithm (I} the prediction set D™ is assumed to (i) satisfy the reliability condition
(4.12)), (ii) to be a tree, i.e., (4.13) holds, and (iii) not to change the data, i.e.,

ApyvV=v with v=Aw for all w (RP)NE, (5.4)

This, in particular, implies the inclusion D(v) D D.(v).

4. the limiting operator II, 5, realizing the limiting step l) in Algorithm (1, where lim-
iting is performed only for the higher order coefficients on the highest resolution level L
of the adaptive grid,

5. the evolution operator £; . realizing the evolution step 1) in Algorithm |1} where the
data corresponding to the adaptive grid are evolved, and

6. the approximation operator A, determined by (3.32)) realizing the coarsening step (4.18))
in Algorithm [I] with respect to the set D™ of significant details.

Then one step of the reference and the adaptive scheme can be represented by these discrete
operators as
vi=EL v Vi = A& pa Ty pn Apn V] (5.5)

In the following this step will be referred to as update.
Finally, for any mean function @y, of a function wy, € S that is defined by ([2.11)), we conclude
from its single-scale representation (3.7))

lLl7aq = he > |wpkol? =: [Rwll, g€ [l,00) (5.6)
kely,
[0Lllpe) = ggg\wL,k,Of = |RwWL[|oo- (5.7)

Here R : (RP)No — RNL is the restriction of a vector of higher order coefficients w; =
(WL k,i)keT, icp to the vector of mean values Rwy, := (wr, k.0)kez, - Note that we may estimate
the L%-norm, q € [1,00), by the L>-norm

loL]lza) < (0—a) /9 |[or] i) resp. [Rwelly < (b—a) ¢ [Rwellc,  (5.8)
since the domain = [a, b] is bounded. Then we can estimate the perturbation error.

Theorem 1 (Uniform boundedness of perturbation error)
Let the following assumptions hold:

(A1) The initial data are consistent, i.e.,

IR(¥) —v)lli < Cre with fized Ci.

(A2) The approximation error is uniformly bounded, i.e.,

IR(A: w — W) |1 < Cae for all w € (RP)YNL with fived Cs.

(A3) Both the reference and the adaptive scheme have uniformly bounded solutions, i.e.,
IRV oo [RVElloe < (T, ug) for all p=0,...,n.
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(A4) The perturbation by the adaptive scheme in each time step is uniformly bounded, i.e.,
holds for all w € (RP)NE with ||Rw||ee < C(T,up).

(A5) The reference scheme is locally l1-stable with uniform constants, i.e.,
IR(EL U w —EL L W)|1 < (14 Cor)|R(W —W)||1 + C5 h$
holds for w,w € (RP)YNL with [|RwW||oo, ||RW||eo < C(T,ug).

Then the perturbation error is uniformly bounded for T < Ty, i.€.,
107 c = 9L llLy @) = IR(VEL = vi)lh S C(hE +e)/7  Vn7 <T. (5.9)

where the constant C is given by C = C(T 4 Tmaz) if Cs = 0 and C = CeCs(T+maz) /O if
Cs # 0 with C = max (C’l, Cy + Cy, 05).

This theorem can be considered a roadmap to verify the boundedness of the perturbation
error which is needed to balance the discretization error and the perturbation error in . We
have not yet specified a particular choice for the MRA, the prediction strategy, the limiter and
the reference DG scheme. The main objective and also the most original part of the present
work is the appropriate choice of these key ingredients such that the assumptions of Theorem
hold. For this purpose, we first comment on these assumptions before proving the theorem:

Remark 1 (Remarks on Assumptions (A1) - (A5))

(A1) The consistency of the initial values can be ensured by first computing the coefficients
0¥ = (uo, PrL ki) and then applying hard thresholding to vi, i.e., V9 = A-v9. Then
Assumption (A1) can be concluded from Propositionfor the approximation error.

(A2) The approximation error immediately follows from Proposition . To see this, we note that
[R(wWe —w)|lg = [[We — 0| pa(), where w and 1. are the mean functions of the functions
w and w. defined by the single-scale coefficients w € (RP)NL and w. := A. w € (RP)Nz

according to .

(A3) Note that the local Lipschitz constant L of the numerical flur F enters the constant Cs
in (A5). To render this constant independent of the discretization parameters, the data of
both the reference and the adaptive DG scheme in the mean have to be uniformly bounded.
For the reference DG scheme this holds true for sufficiently small grid size h;, < hpmaq
and a sufficiently small constant ratio T/hy, see Appendix . For the adaptive scheme
this will be verified in Section|5.2.4| under a similar bound for hy, and a bound on € of the
form e < C hy, with constant C.

(A4) In order to verify this assumption, we need to design a prediction strateqy and an adaptive
limiter, that do not introduce an error larger than €. By setting HL,fD” =1I; and gL,f)n =
&1, this trivially holds, but we seek a much more efficient solution using less degrees of
freedom.

(A5) The local I*-stability of the reference scheme can be proven to hold for a sufficiently small
CFL condition. It is strongly related to the convergence of the DG scheme. The basic
idea is to interpret the DG scheme in the mean with numerical flux as a

perturbation of a monotone finite volume scheme. Then it is crucial to assume that the
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limiter 11, does not modify the zero order coefficients (mean values) and holds
with uniform constant C,,. For convenience of the reader we detail the proof in Appendix
[A-3 Note that there seems to be no result available verifying convergence to the entropy
solution of the initial value problem for general fluzes that avoids the uniform bound
of the point evaluations at the cell interfaces. Therefore we confine ourselves to
this class of converging DG schemes. Furthermore the constant Cy is related to the source
function s. It will vanish for a homogeneous problem, i.e., s = 0. Finally, the constant
C5 depends on the local Lipschitz bound for the numerical fluz. It can be estimated by a
uniform bound due to the boundedness of the reference scheme, see the remark on (A3).

Proof: (Theorem [I]) In a first step we split the perturbation error into three parts

IReLlly = [IR(VE = vE)Ilh < an—1+bn1+ o

with
an_1 = ||R(A sL@nHL@nADnvg 1 5L@HHL@HADN’,} Yl
Cn—1 = ||R (S‘LHL/LDn L _ELHLVL )Hl

Then the first term can be estimated by the approximation property (A2), the second term
by the boundedness of the perturbation (A4) and the third term by the stability property (A5).

Note that by (5.4) and (5.5) we have
IR(Apn ¥ =i D = IREE = vE )1
Hence the perturbation error can be bounded by
IRetlli < [|Re} " |l1 (1 +Cs7) + Cs5 b + (Co + Cu) e

Repeating this argument we obtain further
n—1
IReZlr < IRel |1 (14 Csm)" + (Csh +2(Ca+ Ca)) D (14 Csr)
=0
We now put C' = max(C1,Cs + Cy,Cs). In case of Cy # 0 we conclude with Assumption (A1)

(1+Cr)mtt—1 Gt
< -
Cor s (L +e)0—g—

IReLllr < (h +¢€)C

otherwise we obtain
nt+r71

IRezll < (hE +e)C

Since the maximal number of time steps is bounded by n < T'/7 for a bounded time interval
[0,T], T < oo, and the time step is bounded by Tiax, the assertion holds. O

From Theorem |1| and we immediately conclude that the accuracy of the reference DG
scheme is preserved, provided that ¢ and « are appropriately chosen.

Corollary 1 (Choice of the threshold parameter) If the discretization error of the reference
DG scheme is bounded by ||NL(t,")||L1q) < C27BL for some B3 > 0 and o > 1+ (3 in the
entropy bound , then the accuracy is preserved by the adaptive MR-DG scheme provided
that € ~ 2771 with v = 1 4+ 3 and the time step T is limited by a CFL condition.
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In order to apply the above perturbation analysis, we now need to design a reliable prediction
strategy and an appropriate limiting process such that the reliability condition holds true
and the adaptive MR-DG scheme is uniformly bounded, i.e., the assumptions (A3) and (A4)
can be verified.

5.2 Prediction and limiting

The efficiency of the adaptive MR-DG scheme crucially relies on the compression rate of the
threshold process, since time evolution is only performed for the significant multiscale coef-
ficients or, alternatively, the single-scale coefficients corresponding to the adaptive grid. On
the other hand, if we miss a significant detail in the prediction step, then it might contribute
significantly to the threshold error and, hence, dominate the discretization error of the reference
DG scheme. Therefore the prediction set has to be designed such that all detail coefficients not
contained in the prediction set remain non-significant after the update corresponding to
Algorithm [T}

Since the update contains both the limiting process and the evolution step, see Step 2 in
Algorithm [T} the prediction strategy must account for both nonlinearities.

In the context of the adaptive MR-FV scheme, a prediction strategy has been developed for
which the reliability condition could be analytically verified, see [16], 27]. Unfortunately,
we can not apply the same strategy to the adaptive MR-DG scheme, because of the limiting
process and missing regularity of the primal multiwavelet functions.

In order to verify (A2) in Theorem [1| and later on (B2) in Theorem 4] we split the evolution
error into two parts:

HR(ng(w) HL;b(w) v—ELLv)|g < HR(SL’@(W) u—¢&rulfg+ HR(ELHL,ﬁ(w)V = &L v)llg,

where v := Ap oy W and u:=1I; 5 ) v are defined by data w € (RP)NE and q € [1,00]. Thus,
we need to bound the two terms by &, i.e., we have to construct the prediction set in a way
such that

() [RE, sy —Exw)lg Se  and (L) [R(EL, v — ELLV) g S e

hold. This will ensure reliability of the evolution step and the limiting process: For the first
estimate (E), we thus have to verify that the detail coefficients d; 1 ;, (I, k,%) ¢ D, that are not
updated by the adaptive MR-DG scheme stay bounded by ¢;. For the second estimate (L), we
have to make sure that the difference of the two different limiters is bounded, and then employ
the Lipschitz-continuity of REy that follows from the Lipschitz-continuity of the numerical flux
function. Due to conditions (L) and (E) the evolution error is uniformly bounded and the
following theorem holds.

Theorem 2 (Uniform boundedness of evolution error) Let the prediction fulfil the estimates in
Lemma stated below. Let Q = [a,b] be bounded and g; = 2'=Le. Then the evolution error is
uniformly bounded with respect to L1(Q), q € [1,00], i.e., there ezist constants Cy independent
of L and € such that

holds for all w € (RPNt with C, = Cy(w).

From the construction of the prediction to be presented in Section [5.2.1] we will conclude the

estimates (L) and (E) in Sections and
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5.2.1 Prediction strategy

The reliability condition implies that for any index (I, k,7) & D"t! the detail coefficient
remains bounded by the order of the threshold value ¢; after having performed the update, i.e.,
\d?gﬂ < 1. We therefore have to ensure that the terms on the right-hand side of the discrete
evolution equation can be bounded by

|§Zk,i| <2bg, ‘éZk,i‘ <2bg, GZ/@,J <2be.

Note that the factor 2¥ cancels out because the time step size 7 is proportional to the space
discretization, i.e., 7 ~ 27 due to a CFL condition. As we will see in Section these
conditions are satisfied, if the prediction strategy is designed such that the following Lemma
holds true. For this purpose, we have to consider the update composed of the evolution step
and the limiting process. In Section [5.2.2] we will state properties of the reference limiter. This
will help to enforce estimates in the prediction that will be used to control the action of the
limiter on the data.

Lemma 1 (Properties of the prediction set): Let D(w) be the prediction set determined by the
data w € (RP)NL and v = Aﬁ(w)w. Then the following estimates hold for the function vy,

corresponding to the coefficients v on any cell Vi with (1,k,i) € D(w) andl < L for alli € P:

e The function vy, is a polynomial on Vi, i.e.,

o Reliability of evolution step:
() —wvp(z7)| <e, T=a1) o7 T =Ty p11 (E1)
(lu/2)P | d**!
o | e flop(z))]| <2 Vo e Viy (E2)
(hi/2)P | dP

<2 VoeVy (E3)

s(v(z))

p! dz?

o Reliability of limiter process:

— Monotonicity at cell interfaces:
sign(vy gt 1,0 — vL(ay,)) = sign(vr () —vp e o) or
lor(@]}) — vppr ol <€ and for(zp o)) —vpgrol <€
osign(up p- o — vy ) = sign(vr(@ ) —vre-+10)  oF (L4)
) op@Ten) — v ol < & and Jon (e )~ vipol < <

with k= 25Dk and k= =205 Dk +1) -1
— Monotonicity or small curvature on cell:

1
vy, is either monotone on Vi or [v(z)| < e holds for all x € Vi, (L5)
L
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— Entropy correction:

[ (x)] < Cuh®™t Vr € Vi, (L6)

e Buffer zone to cells on lower levels:

If for the grid G(w) corresponding to D(w) the
index (L, k) € G(w) with (L, k —1) & G(w) or (L, k +1) & G(w), (B7)
then (L4)—(L6) must hold for the index (L, k) as well.

Property will directly follow from the construction of the prediction set, for which we
enforce the tree property . Then there are no detail coefficients corresponding to cells on
higher levels contained in the cell V;;, and, hence, vy, is a polynomial on that cell. Estimate
bounds the jumps of the function vy, at the cell interfaces. Thus the contribution of the
numerical fluxes in the evolution of the detail coefficients will be bounded as well. This we will
infer later on from the Lipschitz-continuity of the numerical flux and the definition of the
numerical flux balance EZk,z" Similarly, the contributions by the flux quadrature @Z,m» and the
source quadrature ?ln,“ defined by and are also bounded. For this purpose, we
will perform a Taylor expansion and employ regularity of the flux f and the source function s,
respectively, as well as the vanishing moments of the dual wavelets.

The estimates and ensure, that in regions where the reference limiter modifies
significantly the data on level L, we resolve these modifications such that the error introduced
by the adaptive limiter is bounded. Furthermore, the estimate (L6|) is needed to enforce con-
vergence to the entropy solution, see the discussion in Section Note that the conditions
f are adjusted to the reference limiter that is chosen as the Shu limiter with
entropy correction . Then the reference DG scheme is known to converge to the entropy
solution.

In order to proof Lemmall] we will now define the prediction set judisciously, i.e., we locally
refine the adaptive grid until either the estimates hold for some I’ < L or we arrive at the
highest level I’ = L. Moreover, to estimate the evolution error, see condition (E), we need later
on that the estimates for the evolution still hold after limiting, i.e., f remain true with
v replaced by II LAV For this reason we have to inflate the prediction set in the neighborhood
of cells located on the highest refinement level L, otherwise the limiter could alter the point

value of the data from outside in (E1)), this is enforced by (B7).

Algorithm 2 (Construction of prediction set) Let w € (RP)NE. To compute the prediction set
D = D(w) we perform the following nine steps:
Step 0. (Initial inclusion of Dy) The prediction set has to include all indices corresponding
to non-vanishing detail coefficients of the data w contained in the support Dy = {(l,k,1)
|di k.| > 0}, t.e., D — Dy. In particular, if w is the result of a thresholding process, e.g., the
thresholded data of the last time step, then w = A.w and Dy(w) = De(w).

Then, the Steps E1-E3 and L4—L6 are performed for any index (I, k) € Gy corresponding to
all cells of the current grid:
Step E1. (Jump at cell interfaces) The jump at the left and right cell interface is determined,
i.e., Jp = ‘UL(JZ?:k,) —vr(zy,,)| and Jg == |UL(:clTk+1) —L(®) gy 1) If the jump at y is larger
than €, we add the left and right cell neighbors attached to the grid point x;j on level L to the
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adaptive grid. This is enforced by the inclusion of the corresponding details on level L — 1 to
the prediction set, i.e.,

D—DU{(L, 2l k—1,i);i e PYU{(L, 21"k 4); i € P

Similarly we proceed with Jr and x;41. Note that by refining we create new cell interfaces.
However, the function vy, is continuous at these internal grid points and, hence, also holds
for the new cells at these points.
Step E2. (Flux quadrature bound) For each cell (I, k) € Gy we calculate bounds Dy, for the
r-th derivative of vr, in Vi, i.e.,

d?"
‘ dx” vL(z)

<h" Y vkl Drs =: Dy, Ve Vi,
iE€EP

where the constants D, ; are determined according to . Then we may bound the (p + 1)st
derivative of the flux f via chain rule by

T (e, )

VAN

-\ ks
N e i ’

|
Lo(Vik)  keTpy, "V P+l j=1k;>1 J:

where the set Tpy1 contains all (p + 1)-tupels k = (k1,...,kp+1) of non-negative integers such

that Zp iki=p+1and k| = Z’H'l k;. The constant DT is a problem-dependent bound for
the rth derwatwe of the flux, i.e.,

D" = D" .
7= e 1D (W)

Finally, we ensure by requiring
p+1 i\ ki
DJ
(h/2p S o D|k| 11 (”) < ole.
KeTppy 1 j=1k;>1
In order to enforce this inequality, we determine a level
+1 i\ ki
1 p+1 KT Dy,
S — p N -
j=1k;>1

depending on the polynomial degree p of the basis functions. Note that due to dyadic grid
refinement hy = 27" hy. Then we include all subcells Vi C Vi of Vig on higher refinement
levels, i.e.,

D —DU{(l',k,i); Vip C Vig, i € P}. (5.11)

Step E3. (Source quadrature bound) We proceed similarly for derivatives of the source func-
tion s, but only up to the order p, i.e.,

, 1 TR A
> - 7 e -
I > loggp+1 - (ho/2) KeT, Jey! - - - kp!D H ;

|
j=1k>1 \ 7
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with D'Skl instead of lek‘.

Step L4. (Limiting at cell interfaces) Let be k* = 205Dk and k= = 20-D(k +1) — 1. We
calculate the mean values vy, p+_10, VL g+ o and VL - o, VL g-+1,0 0of the neighbors on level L
to the cell interfaces at x ) and x; 11, respectively. An efficient procedure for this is described
in Appendiz[A]} Then we evaluate vy, at the cell interfaces. First of all we consider the left
cell interface xl—fk :if we do not have monotonicity, i.e.,

sign(vy g+ 1,0 — vr(e)y)) # sign(vr(z;},) — vr e+ o),

then we check whether

|UL(5L“1Jfk) —vp+ol 2 € orfvp(zp 1) — vpg+ ol = €

If this holds true, then limiting of the data on the cell Vi, i+ might introduce an error greater
than €. Therefore, we enforce refinement up to level L, i.e.,

D — DU{(L,k",i); i € P}. (5.12)

The same check is performed at the right cell interface L)1’ if we do not have monotonicity,
i.e.,
sign(vy, j- 0 — VL(%) 54 )) 7 sign(vr(z; 1) — Vo r-+1,0),
and
L () 1) —vLg-ol 2 € or lor(@pp-) — vp -0l 2 €,

then we refine up to level L, i.e.,

D—DU{(L,k,i); i € P}.

Step L5. (Limiting inside of cells) If v, is not monotone on Vi, the limiting might introduce
an error. We first find an upper bound for the second derivative of vy, (see Step E2)

Wi(x)| <Dz, a € Vi
Then we must have the bound 1
-D2 S =5,
v Sz

otherwise we refine up to level L, i.e.,

D« DU{(L,K,i); Voo C Vig, i €P}. (5.13)

Step L6. (Entropy bound on the gradient) We find an upper bound for the first derivative of
vy, (see Step E2)
v (2)] < Dy, € Vi

Then we check, if
D} < Cohg™,
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where Cy, and « stem from the entropy correction of the limiter, see Section [5.2.2 If the
estimate does not hold, we refine up to level L, i.e.,

D —DU{(L,¥,i); Vpp CVig, i €P}. (5.14)

Step B7. (Additional refinement of neighbors to level L) The set D determined by the previous
steps characterizes an adaptive grid G applying the procedure described in Section |Z| The cells
i G on the highest refinement level are given by

(D, L) :={(L,k); I(L -1, |k/2],i) € D} = {(L, k) € G}.

In order to verify Lemma |Z| we enlarge the prediction set D such that all neighbors of cells on
level L characterized by

9 .= {(L,k) € %(D,L); (L,k—1) € (D, L) or (L,k+1) € ¥(D, L)}
are included in the adaptive grid, i.e.,
D—DU{(L—-1,|k/2],i); (L k) € X2, i e P}.
Step 8. (Ensure tree property) FEnlarge the set @, such that the tree property holds.

Obviously, Lemma [I| holds true by construction of the prediction set according to the above
algorithm, where holds due to Step 8.

5.2.2 Limiting strategy

We now have to define the limiter II; 5 of the adaptive MR-DG scheme. For this purpose, we

first have to specify the limiter I, of the reference DG scheme: Let v € S? be determined by
the coefficients v € (RP)N2 and let u € S be characterized by u = IIv. Then we assume the
following properties to hold for Il :

(RefL1) The mean values remain unchanged, i.e., ur, 0 = v k0-

(RefL2) The effect of the limiter on the data can be described as a scaling of the difference
of the point value at the boundary and the mean value of the cell, see Figure [4]
ie.,

U(fi,k) —ULk0 = Czk (U(xf,k) - UL,k,O)

where cJLr’ 1 € [0,1], and analogously for u(z ;). The coefficients Cz_’k, r g only
depend on the mean values vy, ;o of the cell, its neighbors vy, 41,0 and the point
values at the cell interfaces v(z} ), v(z} 1)

(RefL3) If the gradient is bounded, i.e.,
W' (z)| < Coh§ 1, (5.15a)

and the data are monotone in the following sense

sign(vg k10 — v(x] ;) = sign(v(a} ) — vL ko) (5.15Db)
sign(vr, k0 — v(2 gy ) = sign(v(zy 1) — VL k+1,0) (5.15¢)

then the limiter does not change the data, i.e., czk =y = L
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VL,k,0

Figure 4: Effect of limiter on point value at cell interface

These properties are fulfilled, for example by the Shu limiter with entropy stabilization, i.e.,

) { , [TE < MA?

—+ . —+ o (516)
MUY, ks VL k41,0 — VLk,0, VL,k0 — VLk—1,0,8180(V7 ;) Ca h) , else

where holds, because the minmod limiter selects the first argument due to the estimate

/{E‘: v (x)dx

If the entropy stabilization term C,h{ is not needed, for example for convex flux functions,
where convergence to the entropy solution can be shown without this term, we can in practice
relax the condition by setting C, = oo, as observed in the numerical experiments, see
Section [0} Then Step L6 of the prediction strategy can be omitted.

Then we define the adaptive limiter IT LD by the following algorithm:

< hpCoh§™ = Cuhf.

Iﬁk\ =

Algorithm 3 (Adaptive limiter) Let D = D(w) be the prediction set determined by the data
w € (RP)Ne according to Algorithm @ The set D characterizes an adaptive grid G applying the
procedure described in Section . Then the limited values W := HL,ﬁw are locally determined
for (I,k) € G by the following procedure:

Case 1. (Highest level: [ = L)

If the cell Vi, ;. has a neighboring cell that is not on the same level L, it stems from Step B7 in
the prediction strategy. In that case, we do nothing. Otherwise we apply the reference limiter.
Case 2. (Lower level: [ < L)

No limiting is performed at all, i.e., Wy ; = Wy, © € P.

Then by construction of the adaptive limiter and the prediction set we make the following
observations:

Lemma 2 (Point-wise error of limiter) Let D = D(w) be the prediction set determined by the
data w € (RP)N and w the corresponding function. Let @ and u be the functions corresponding
to u = I, 3w and u := Ilyw, respectively. Then we can estimate the difference of point
evaluations at cell boundaries on the reference grid by

ja(zy ) —ulap,) <e Vke{0,...,Np}. (5.17)
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Proof: We confine ourselfs to the case xJLr «» since for 7, we may proceed in complete analogy.
We now consider the cell V7, ;. and distinguish three cases:

(1) If (L, k) ¢ G, then V7 1 is contained in Vyy s for some (I', k') € G with I’ < L and estimates
f hold on Vpy jr. If (L, k) € G, then, either

(2) (L,k+1) € G and (L,k — 1) € G and thus @(z},) = u(z},) holds by Case 1 of
Algorithm [3] or

(3) by (B7) the estimates (L4)—(L6]) hold, where we set for notational convenience (I, k') =
(L, k).

It remains to consider a cell Vi i C Vi, (I, k) € Q, where f hold on Vp ;s for cases
(1) and (3). By Case 2 of Algorithm [3| we note, that

ﬂ(wZ,k) — UL ko = w(wz,k) — WL k0 (5.18)
and by [(RefL2)| we have
u(xJLr,k:) ~ULkO = ci,k<w(wzk) —WLk0)- (5.19)

Subtracting (5.18]) and (5.19) and using the fact that the limiters do not change the mean
values, i.e., ur k0 = U ko = WL k0, We Obtain

(2] ) — w@p )l = (1= cf lw@f ) = wrkol-

We will now verify (5.17) by concluding that either ¢} , = 1 holds by using |(RefL3)| i.e., the
reference limiter does not change the data, or

lw(ay ) —wrrol < e, (5.20)

where we use f.

For this purpose, we first note that for polynomials we have the following property: let be
q € I, any polynomial and (¢, t ;)gez, icp € (RP)Nz the corresponding coefficients determined
by g1,k = (¢, Pp ki) If ¢ is monotone on V ;4 UV ¢, then

Sign(QL,l_c—l,O - Q(ﬂfL,E)) = Sign(Q(ﬂfL,E) - QL,E,O)- (5.21)

This is true, due to the fact that the mean value gy, ( of g on a cell V, 1 is a point evaluation
qr ko = q(z) for some z € V| p.

By we see that holds on V7, ;.. Consider the grid point xy ;. If 21 ) is not at the
interface of Vj 5, then w is a polynomial on I := V7, ;1 U Vp ;. Then, w is either monoton on

I and (5.15b) holds by (5.21)), or w is not monotone on I and, by (L5), |w"| < ﬁs. In the

latter case let T be the local extremum in I. Expanding w(z) around z and using w'(z) = 0
7 2
gives w(z) = w(x) + @w”(é). Together with wy, o = w(Z) for some T € Vi, and using

the bound |z — x| < 2hy, we obtain (5.20) by

(QhL)Qigfg
2 4n?

(e ) — wikol < (e ) —w(@)] + (@) - w@)| <2 (5.22)
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If xr  coincides with an interface of Vp ;/, then we see by that @D is fulfilled, or
holds. Analogously we conclude for xp, ;41 that (5.20) or (5.15¢) holds. Therefore,
either holds directly, or we can conclude cJLrJf =1 from |(RefL3) U

Since by the previous lemma, the difference of the adaptive and the reference scheme at the
cell interfaces is bounded by the threshold value, this holds true for the mean values when
performing one evolution step with the reference DG scheme.

Lemma 3 (Bound on evolution of means) Consider two functions u, @ defined by the coeffi-
cients u, 1 € (RP)Nt with identical mean values, i.e., Ur k0 = UL ko- If the point values at the
interfaces of the reference mesh are bounded by the threshold value, i.e., ]u(xfk) —zl(aﬁj-fk)\ Se,
then

H'RSLLI — RgLf,lHq g g

holds for q € [1,00], provided that some CFL condition is satisfied.

Proof: For the time evolution of the mean values we conclude by the Lipschitz-continuity of
the numerical fluxes

”REL u— RSL fl”oo

T kel, |ur k0 — AF(w(@y pyq),u

(u(zy, ), ulay ;) —
0+ M 1)y 85T 1) — FGET ), 8T ))
<2\ max \F(u(mik),u(xzk)) — F(a(xp ), &(xzk))] < 2X\(Lie + Lage),

)

where L; o are the Lipschitz-bounds of the numerical flux function F. For ¢ € [1,00), the
assertion follows from the boundedness of the domain. O
Using the estimates in Lemma [2] and Lemma [3| we then conclude

Conclusion 1 (Condition (L))
Let w € (RP)NL, g € [1,00] and v = Apw) W- Then Condition (L) holds, i.e.,

HR(‘S‘LHL,f)(w)V — SLHLV)Hq 5 E.

Furthermore, from the construction of the limiter we note that the estimates for the evolution
step in Lemmal[I] being enforced by the prediction strategy still hold after applying the adaptive
limiter.

Lemma 4 (Invariance of estimates after limiting) Let D(w) be the prediction set determined

by the data w € (RP)NL. Then the estimates , and hold for the function vg
corresponding to the limited coefficients v :=1I; zw.

Proof: Let (I',K) ¢ G. Then there exists a coarse-scale cell Vik D Vi g such that (I, k) € G
with | < I’. According to Case 2 of Algorithm [3| the adaptive limiter does not change the
coefficients of this cell. This holds true also for the neighbor cells, because of Step B7 of

Algorithm 2] Therefore, neither the point values at the cell interfaces nor the coefficients in
the interior are modified by the limiter. Hence the estimates (E1|), (E2) and (E3) hold. O
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5.2.3 Reliability of evolution

We now are ready to verify the reliability condition of the update step, as is needed in Theorem
For this purpose, we investigate the evolution process (4.7) of the detail coefficients.

Theorem 3 (Growth of non-significant details) We assume that
1. the flux f : R — R is sufficiently smooth;
2. the source function s : R — R is sufficiently smooth;

3. the numerical flur F : R? — R is consistent with the flur f and locally Lipschitz-
continuous with local Lipschitz constant Lp;

4. the temporal discretization T is chosen such that a CFL condition holds, i.e., Lp7/hp <
CFL holds for sufficiently small CFL number.

Let w € (RPYNt and D(w) the prediction set according to Algorithm @ Then, according to
Lemma the estimates ([E1)) f hold for w := 11, f)(w)‘AT)(w)W' Consider the evolved data

v := EW. Then the detail coefficients dy; of v not contained in the prediction set ﬁ(w) are
not significant, i.e.,

il <Cei ¥ (I,k,i) ¢ D(w), (5.23)

where C' > 0 is a constant depending on the local Lipschitz constant Lp = Lp(w) of the
numerical flux function.

Proof: Let (I,k,i) ¢ D(w). Furthermore, @ € S? and w € ST denote the functions corre-

sponding to w and w, respectively. Analogously, d;,vk,i and d?”"k’i denote the detail coefficients
of w and w. Then we note that w = w € Sf on V;; and dﬁ“ = d;"’kl = 0, because of and
the definition of the adaptive limiter. Hence, w is differentiable on Vit op44, 7 = 0,1, and we
may apply integration by parts on each subdomain, i.e.,

Ti41,2k+r+1

+
Tiaq 2k4r

/V Fw(@)) i) do = — / F(@))atipa(@) dz + Fw(y))diriy)

Vit1,2k4r

3 n __ 3 3 J— 3 J— —
Since F, = I\ and F 1y = F\ o1 1o, see 1} as well as @71, = 214106 and 41 =
Ti41,2k+2 We obtain by rearranging the corresponding terms in (4.7)

\dy il < |dfy il + (I + L]+ |[I1I| + |[IV])

with
2
I:= Z (f(w(xl_-q-l,Qk+r)) - Fﬁ—l,%-f—r) @El,k,z‘($l__|_172k+r)a (5.24)
r=1
1
IT:= Z (‘Fﬁ-l,Zk—&-T - f(w(xl—:—l,Qk—&-r))) Tzl,k,i(malgk_yr)a (525)
r=0
11 = [ fw(e))s dus(a) da. (5.26)
Vik
IV .= s(w(x)) by p.i(x) de. (5.27)
Vi
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We already noted that dﬁm = (, the other terms can be estimated with the help of |}
(E3). First of all we consider the terms I and II. Since the numerical flux is assumed to
be consistent with the flux f, i.e., F(u,u) = f(u) for all u € R, we first obtain by the local
Lipschitz-continuity of the numerical flux

- +
|f(w (f”zﬂ okrrt)) = Fli opr| < LF|w($l+1,2k+ri) - w($l+1,2k+ri)|

for r© = 0,1 and r— = 1,2. Note that the Lipschitz constant depends on the data, i.e.,
LF = LF (W)
Since the dual functions 1;““ are piecewise polynomials and L'-normalized we may
bound them by
[Prki(@) S 2, weR. (5.28)

Moreover, w is continuous inside the cell V; ;. Therefore, only the differences at the cell inter-
faces, i.e., v = 7, and * = 77 441, give a non-trivial contribution. Hence we can estimate the
sum I 4 I by

1)+ 111 5 2 (Jw(af,) = wep)| + (e, - g )l) -
Together with (E1]) we finally obtain
[+ | 11| < 2'e. (5.29)

In order to estimate the third term I71 we will use the vanishing moments of the wavelets.
First of all, we write the derivative of the flux in a Taylor expansion

p—l T grtl
7f - Z 7“! dxr—i-l —— f(w(2)) + Rp—1(x),
where the reminder is determined by
1 dr+1

Rp— (x) - p( _‘T) dxp'H f( (f))? § S [(L‘,i‘]

Then we estimate

11| = / (F(w(@)))apa(z) dz| = / Ry 1 (@) s (2) da (5.30)
Vik Vik
- (hl/g)p dp+1 .
< Rp—1llzee ikl S o || dart (w) Loo(vl,k)SQ&

where we choose & = ;) Note that the dual multiwavelets @Z”“ have at least p vanishing
moments, i.e., My, ; > pin , and are L'-normalized according to . The last inequality
is enforced by .

Finally we have to estimate the fourth term. This is done as before for the third term, using
the smoothness of the source function s, the vanishing moments and estimate .

(he/2)P

V| = ,
p:

< 2le (5.31)
Lo (Vik)

S w(-))

[ st ds| <
Vik

da?

Since a CFL condition is assumed to hold with respect to level L, i.e., 7 ~ 27, the assertion
follows by (5.29)), (5.30]) and (5.31)). O

Using the above theorem, we now can verify:
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Conclusion 2 (Condition (E))
Let w € (RP)Ne, D = D(w) be the prediction set and u = II, Dw)yAp W+ If the fluz and
source quadrature are performed exactly, then Condition (E) holds, i.e.,

||R(5L7,5(W)u —&ru)fg S

Proof: We note that by Lemma [4] the estimates (EI)-(E3) hold for u. In order to show (E),
we have to investigate the difference of v := ELﬁ w) U and v := £ u. For this purpose we
apply the multiscale transformation ([3.28)) and m to v and v, respectively. The resulting
multiscale coefficients are denoted by v x ;, El,k,i and vg ki, dj k., respectively. Since the evolu-
tion operators £ L.D(w) and &7, act on the same data and the integrations are performed exactly,
the evolution equations and give the same update for the coarse-scale coeflicients
and the significant detail coefficients, i.e., Do r; = vor,; and dig; = digq, (I k,i) € D(w).
There is only a difference for the details not in the prediction set. According to the adaptive
MR-DG scheme no evolution is performed for these coefficients, i.e., djx; = 0, (I, k,7) & D(w),
whereas these are updated for the reference DG scheme. By Theorem [3] applied to u we have
|di kil < Ce. To estimate the difference ¥ — v we thus may proceed as in the proof of the
approximation error, see Proposition [I} O

5.2.4 Uniform boundedness of adaptive MR-DG scheme

We now can use the local perturbation estimate of the previous section to show the uniform
boundedness of the adaptive scheme. This is one of the assumptions in Theorem [I} We first
choose a constant bound and then choose A and € small enough such that the adaptive solution
is bounded by that constant. In doing so we can replace the local Lipschitz constants with a
uniform constant, depending only on the global constant bound of the solution.

Theorem 4 (Uniform boundedness of adaptive MR-DG scheme) Let M > 0 be arbitrary but
fized and Coo = e“T(|Jug||z + M). The constant Cs depends only on the global Lipschitz
bound of the source function s. The ratio A = 7/h is assumed to be constant and chosen small
enough such that the CFL condition

)\LF < CFLmaac

holds. Here Lrp = Lp(Cx) denotes the Lipschitz constant of the numerical flux function for all
data w with ||Rw||s < Coo. Furthermore let the following assumptions hold:

(B1) The error of the initial data approxzimation is bounded by
IR’ — u°)[l < Che,
where u® denotes the coefficients on discretization level L corresponding to the initial
function ug.

(B2) The approximation error is uniformly bounded, i.e.,

IR(A: W — W) |loo < Cae for all w € (RP)NL,

(B3) The evolution error is uniformly bounded, i.e.,
holds for all w € (RP)NL with | Rw || < Coo.

35



(B4) The reference DG scheme in the mean is uniformly bounded, i.e.,
HRgL HL WHoo < (1 + CST)HRWHOO + C4 h%
holds for all w € (RP)NL with | Rw| s < Coo.

If hy, <min{1, hi} and e < min{1, M/(3C}),Chr} with

1

AM | a-1 : _ M : _
By — (3TC4> 1 if Cs =0 nd G {37;(52;[03) if Cs =0
(M=) i #o Aoty F 70

for a> 1, then we have for alln < T/t
IRV"|| 0o < Coo-

Remark 2 (Remarks on the Assumptions)

(5.32)

e The constants in (B3) and (B4) depend on the local Lipschitz constant Ly of the numerical
fluz function, acting on limited data. If we consider arbitrary data w € (RP)NE | then we

can estimate the limited data IIw by use of (2.21)) and Lemma@ i.€.,

ITTwloo < [RW]loc + Cah® +

for I =11, and 11 = Hﬁ,L' Since we only consider data bounded in the mean by Cy,
we have an uniform Lipschitz constant Ly = Lp(Coo + Co + 1) since hy, <1 and e < 1.
Hence we can use the uniform constants Cs = C3(Cs) and Cy = C4(Cs). Then we have
to check the assumption |Rw||so < Co in the course of the proof to make use of (B3)

and (B4).

o We note that € is bounded by hr, up to a constant. That imposes no additional constraint

due to the choice of € in Corollary[1]

Proof: We show ([5.32)) by induction. First of all, we estimate for n = 0

. | M
IRV oo < IR(V? = 0)[loo + [IRW [loc < Ci + Jluollzoe < -+ uoflim < Co,  (5:33)
where we use the bound on €. Now we assume that [|RV/ || < C for j =0,...,n — 1.
Let be w"! := Az, v""! and D" := D(v""!). Then we estimate the mean values of the
adaptive MR-DG scheme by
||RvnHoo <ap-1+bp—1+cna
with
n1 = [RAA €L pn T 0 W' = & 5 T 50 W) oo,
bp—1:= HR(EL,ﬁ” HL,@” Wn_1 - &1, Wn_l)”oo, Cp—1 := ||R(€L 11, Wn_IHOO.

The terms of the right-hand side can be estimated by the Assumptions (B2), (B3) and (B4).

Note that by (5.4 we have A,g,ﬁ”fl = v"! and therefore

IRAZ: 7" oo = IRV" ™.
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Therefore we may estimate the mean values of the adaptive MR-DG scheme by
IRV oo < [RV* Moo (14 Cs7) + Cuhg + (Ca + Ca) e

and then infer by repeating this estimate
n—1
IRV oo < [RV[|oe (14 Cs 7)™ + (Cahf + & (Ca+ Cs)) Y (1+Cy)’. (5.34)
=0

We now use ([5.33)). By the bounds on Ay and ¢ we then further estimate (5.34]), where we
distinguish two cases. If Cs = 0, then we obtain

M
IRV lloo < fluollze + 5=+ + ((Cz + C3)h

< luol|pee + M/34+ M/3+ M/3 = C.

+ C4ha 1)

If Cs # 0, we bound the geometric sum by eCST/(CST) with 7 = Ahy, < T/n and then estimate

IRV ||oe < €T (|Jug|| Lo + M/3 4+ +((Ca + Cs)e + Cuh$)/(CsT))
< %L (|lug||poe + M/3+ M/3+ M/3) =

6 Numerical results

In order to verify the analytical results we consider the inviscid Burgers’ equation with flux
f(u) = 0.5u%. Numerical computations are performed for two configurations characterized by
the source term and the initial conditions

C1 (homogeneous problem):
s(u) = 0 with up(x) =1 in [0, 0.5] and ug(z) = 0 in [0.5, 1],

C2 (inhomogeneous problem):
s(u) = u(u — 0.5)(u — 1) with ug(x) = sin(27z) in [0, 1].

For both configurations the computational domain is Q = [0, 1], where we impose periodic
boundary conditions. Thus, for configuration C1 the entropy solution exhibits a shock wave
emanating at x = 0.5 and moving with speed 0.5. Due to the periodic boundary conditions a
rarefaction wave develops at the left boundary with minimal and maximal characteristic speed
Cmin = 0 and cmqey = 1, respectively. In Figure 5| we present the entropy solution at 7" = 0.5.
For configuration C2, a shock is developing at some time ¢ > 0 that is moving at negative
speed. Note that at the boundaries the characteristic speeds are zero, i.e., the solution does
not change there. Since there is no explicit representation of the entropy solution available, an
approximation of the entropy solution is shown in Figure [6] at time 7' = 0.24.

The computational domain is discretized by Ny = 5 cells on the coarsest level, i.e., hg = 0.2.
Hence the resolution for higher refinement levels is N; = 2! Ny and h; = 27" hg. For both
configurations we choose L = 9 refinement levels. For the time discretization, we use the SSP-
RK(3,3) scheme from [40]. We have to respect a CFL condition of CFL = 0.1 to ensure both
linear L? and nonlinear TV D stability, therefore we choose 7 = 0.02 (C1) and 79 = 0.005
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Figure 5: Entropy solution in case of C1 at Figure 6: Approximate entropy solution in
T =0.5. case of C2 at T' = 0.24.

(C2). Since we perform global time stepping, the CFL condition has to hold for the smallest
cells corresponding to the highest refinement level L, i.e., 7 = 27L 75 = 4 x 107° (C1), and
7 = 1x107% (C2). The final integration time is 7 = 0.5 (C1) and T = 0.24 (C2). We
choose cubic polynomials for the discretization space S?, i.e. p = 4, where the multiscale
analysis is performed by Alpert’s multiwavelets, see Appendix [A.I] For the prediction we
apply Algorithm

The reference DG scheme is determined by the Engquist-Osher flux

EO(y,v) = Umin's S umax's S
FPO(u0) = [ min(f/(s).0)ds + [ max(s'(5).0)ds+ £0)

and the integrals in the quadrature terms are computed by a 5-point Gaussian quadrature
rule of order 9. Limiting is performed using the Shu limiter (2.17)), where we do not incorporate
the entropy bound , because we consider a convex flux, see [36].

Note that the analysis of the adaptive MR-DG scheme in Section [5| has only been performed
for a forward Euler step. Since each stage of the TVD-RK method can be written as a
linear combination of forward Euler steps , we may apply Algorithm (1| to each of these
steps. However, the CFL condition ensures that an information cannot move more than one
cell in one time step. In order to investigate the need of these intermediate grid adaptations, we
perform all computations twice, where (i) the refinement step and the coarsening step are only
performed once before and after the TVD-RK scheme, respectively, and omit the prediction
step B7, and (ii) intermediate grid adaptations, including B7, are performed before each stage
of the Runge-Kutta scheme; this requires to synchronize the intermediate adaptive grids. In
the figures the results are distinguished by “with RKpred” and “without”.

To conclude on the efficiency and reliability of the adaptive MR-DG scheme, we investi-
gate the computational effort (memory and CPU time) and the accuracy (discretization and
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Figure 7: Variation of #f)/ # D for different threshold values ¢ for configuration C1 (left) and
C2 (right).

perturbation error) for varying threshold values e.

Grid refinement The results of the adaptive DG scheme without intermediate Runge-Kutta
prediction are presented in Figures [12] and (13| for varying threshold values ¢ = 107%,...,1076
(C1) and e = 10~/2,...,1073 (C2). For each computation we plot the adaptive solution (top),
the adaptive grid after hard thresholding (middle) characterized by the set D corresponding to
the significant details and the predicted grid corresponding to the prediction set D (bottom),
that was used to calculate that solution. There is hardly any difference visible between the
solution of the adaptive DG scheme and the reference DG scheme performed on the uniform
mesh corresponding to the highest refinement level L = 9. However, there are differences in
the locally refined grids. These are represented by the position of the local cells in the grid
hierarchy. To each cell pair Vi1 ok, Vi41,2k41 four grey scales are shown for the absolute value
of the multiscale coefficients |d; |, ¢ = 0,...,3, where white corresponds to 0 and black to
the maximal value on level . The magnitude of the scales is given as labels on the right axis.
Typically the absolute value of these coefficients in smooth regions decreases with increasing
order ¢, due to the ¢+p vanishing moments, see . We note that the largest values correspond
to the discontinuity. Therefore the grid is locally refined near to its position at x = 0.75 (C1)
and x ~ 0.41 (C2). With smaller threshold values, the kinks at z = 0 and = = 0.5 in case
of (C1) are also detected by the multiscale analysis and refinement is locally triggered near
to these points as well. Away from these isolated points, the discretization is coarse because
of the local smoothness of the solution. We note that the adaptive grid is inflated due to the
prediction.

In Figure [7] the ratio #25/ #D of the prediction set D and the set D of significant details
is plotted versus the threshold value. The ratio indicates a reasonable efficient prediction
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Figure 8: Error of adaptive solution with L = 9 and varying threshold value € for configuration
C1 (left) and C2 (right).

strategy. Additionally, the absolute numbers # D and #D are negligibly small in comparison
to the uniform reference mesh. In particular, we note that the intermediate grid adaptations
trigger additional grid refinement, that will result in a higher computational load but with no
effect on the overall accuracy as is discussed below.

Optimal choice of threshold value The ideal strategy presented in Section [5| suggests that
the optimal threshold value €,,; should be chosen such that the discretization error 7, = 4 —9r,
of the reference scheme and the perturbation error é;, = 97, — Uy are balanced. For L =9 we
obtain [z || L1 (oap) = 1.9 x 107* (C1) and ||9L| 11 (jo,17) = 7-1 x 107* (C2), respectively. Note
that for an inhomogeneous problem, the constant in the error estimates is typically much larger
than for a homogeneous problem. This is caused by a small perturbation of order 7 in each
time step that is accumulating to e‘T, see for instance the estimates in Appendix Note
that for (C2) the entropy solution is not explicitly available. Therefore we approximate the
entropy solution by a computation with the reference DG scheme on a uniformly refined grid
corresponding to L = 13 refinement levels. In order to determine ¢,,; we compare in Figurethe
perturbation error and the discretization error on the uniform reference mesh. For this purpose,
we project the data of the adaptive grid to the reference mesh performing a local change of
basis according to , where we put the non-significant detail coefficients to zero and apply
the inverse multiscale transformation . Obviously, the perturbation error is decreasing
with smaller threshold values. In particular, it tends to zero for ¢ — 07T, i.e., the adaptive
solution approaches the reference solution obtained on the reference grid with L refinement
levels. Of course, we do not gain in accuracy when choosing a very small threshold value,
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because the discretization error is fixed by the number of refinement levels. Note that there is
almost no difference visible, when performing the computation with intermediate Runge-Kutta
prediction.

As we can depict from Figure |8 an optimal choice would be g4, ~ 1073 (C1) and Eopt ~
10~ (C2), respectively. Obviously, the error of the adaptive scheme is decreasing with
decreasing threshold value ¢ as long as € > €4, Whereas it stalls for € < g, i.€., for € > g4t
the perturbation error due to thresholding dominates whereas for ¢ < e,,; the discretization
error dominates.

Efficiency versus accuracy To conclude on the efficiency of the adaptive scheme, we consider
the computational costs. First we discuss the size of the adaptive grids that determine the
memory requirements, see Figures [9] and We observe that with decreasing threshold value
the number of cells is increasing and, thus, resulting in higher CPU times. We note that the
intermediate Runge-Kutta prediction triggers additional grid refinement that results in higher
computational times that are almost twice as high. Since the ultimate goal is to save compu-
tational costs and to preserve the accuracy of the reference solution, we plot the perturbation
error for varying threshold values versus the CPU time in Figure [[I] However, we want to
point out that in practice the optimal threshold value e, can only be roughly estimated, i.e.,
we either loose accuracy if € > ey, see Figure [8| or the computational cost is significantly
higher if € < e,p¢, see Figures [9] and

The choice € ~ h?’g suggested in Corollary |1|is much too pessimistic: according to [II] the
discretization error is of order h’cz where § = min{l,a}/2 and « corresponds to the entropy

bound 1’ in the Shu limiter. For instance, for our configuration we compute hlLJrﬁ ~
7.7 x 107%, where we put @ > 1 and C,, = 00 and hy, = 0.2 x 279, However, the discretization
error is approximately Ay, ~ 1.9 x 107% (C1) and Ay, ~ 7.1 x 10~% (C2), respectively, that fits
much better to e,,;. Since the threshold error accumulates when performing all time steps,
we have to compensate the accumulation process by the choice of the threshold value, i.e.,
we are loosing one order of magnitude. Since Corollary [1] relies on a-priori error estimates of
the discretization error, it is a worst case estimate. Therefore we suggest to use eqpt ~ hg in
practice.
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Figure 13: Results of adaptive DG scheme for configuration C2 without intermediate Runge-
Kutta prediction at time T' = 0.24 using different threshold values €. For each value
the adaptive solution (top), the adaptive grid after hard thresholding (middle) and
the predicted grid corresponding to the prediction set (bottom) are shown in each
frame.
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A Appendix

A.1 Example: Alpert’s orthogonal multiwavelet basis

An important example that fits into the general framework of Section [3|is Alpert’s orthogonal
multiwavelet basis, cf. [2]. The main ideas are briefly summarized. In order to construct an
appropriate MRA on Lsy([a,b]) we define the scaling functions

Bi(2) _{ 0\’/(22'—1—1)/2]%(37), z e [-1,1], (A1)

otherwise,

by means of the Legendre polynomials P; € II;, i € P, on the interval [—1,1]. These form an
orthonormal basis for the space S§([—1,1]). In Table , the Legendre polynomials are explictly
given up to degree 5 and plotted in Figure [T4]

po() 1

pi(zr) = =

m(z) — @22 1)

p3(z) = §(52° —3x)

pa(z) = (352" — 3022 + 3)
ps(z) = £(632° — 7023 + 15z)

Table 1: Legendre polynomials on [—1, 1].

-0.6

Figure 14: Graphs of Legendre Polynomials for ¢ =0,...,5

Alpert et al. [2] constructed a system of orthonormal multiwavelets {fp; : [-1,1] — R}cp,
that satisfy the following properties:

1. The restriction of f; to the interval (0, 1) is a polynomial of degree p — 1.

2. The function f; is extended to the interval (—1,0) as an even or odd function according
to the parity of 7 + p.
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3. The functions fo, ..., f,—1 are orthogonal, i.e., (fi, fj)[=11] = 6ij» i, =0,...,p — 1.
4. The function f; has 7 + p vanishing moments, i.e., (fi, P)j—11] =0, P € ;4,1

Note that these functions are discontinuous at x = 0. Up to degree 5 they are explicitly given
in Table 2] and plotted in Figure

p=1

folz) = \/g

p=2

folw) = f3(-1+22)

fit)) = /3(-2+30)

p=3

folw) = 3y/3(01 242 +3027)

filz) = %\@(3 — 16z + 1522%)

fo(z) = g\/§(4 — 152 + 122?%)

p=4

fo(z) = (1 + 4z — 302? + 2823)

filz) = \/g<_4 + 105z — 30022 + 21023)

o) = 3y/B(-5+ 48z — 10507 + 6429)

fs(@) = 3y/H(-16+ 1052 — 1922 + 10529)

p=>5

fo@) = y/18(1+ 30z + 21022 — 8402° + 630z*)

filz) = %\/% (=5 — 144z + 115522 — 224023 + 12602%)
fole) = /5 (22— T35x + 35042 — 54602° + 27002
fa(z) = é\/% (35 — 5122 + 189022 — 25602 + 1155z)
falw) = 3y/i(32 3152 + 96027 — 11550° + 480"

Table 2: Alpert’s multiwavelet construction: Expressions for the orthonormal, vanishing-
moment functions fy, ..., fp—1, for various p and x € (0,1). The function f; is ex-
tended to the interval (—1,0) as an odd or even function, according to the formula
fi(z) = (=1)"Pfi(—x) for x € (—1,0) and is zero outside the interval (—1,1).

Then the system of functions defined by

\Ill(x) _ { fp,i(x)ﬂ S [_1’1]7 (A.Q)

0, otherwise,

form an orthonormal basis for the complement space W['([—1,1]). Note that in the case of
p =1 this coincides with the well-known Haar basis [22]. Finally, by the affine transformation
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Figure 15: Multiwavelet system of order p: Left (p = 1): Haar wavelet; Middle (p = 2): “—" -
Wo, - 77 - by; Right (p = 8): “—7 - g, - 7 = by, “--7 - by,

x — 2(x — Zx)/l with the cell center &;j := (21 + 21 k+1)/2 we obtain a MRA on L(a, b))
where the basis functions are determined by

_ 2 T — i‘l k - 2 xTr — i’l k
i = f(I)Z 2 : s 3 = 7\111 2 : . A
Pk,i(T) I < n > Vi k,i(T) T ( I > (A.3)

Then we conclude by the orthogonality relation of the Legendre polynomials and Alpert’s
multiwavelets, respectively, the following properties of the MRA on L?([a, b]):

1. the basis functions are locally supported, i.e.,
SUpp P ki = Supp Yiki = Vik, (A4)
2. the basis function are normalized with respect to L?([a, b)), i.e.,

|22 (fap)) = 1, (A.5)

181kl L2 ((a0)) = 1Ptk

3. the basis functions satisfy the following orthogonality relations, i.e.,

(Priis P i)ah) = Oiit Okkr  ({@ukitr orthon. basis of S7), (A.6
(@rei Ve i)y = 0 (WP LS, (A7
(O Vv i)ay) = Oig Okp Oy (WP LW, (A8

4. the multiwavelet functions have M, ; := i 4+ p vanishing moments, i.e.,
<P, &l,k,i)[a,b} =0, VPEe HMp,ifl- (A.9)

With regard to (3.14) and (3.15)) the L?-normalized basis functions have to be appropriately
scaled. For this purpose we normalize the bases with respect to L%([a,b]) and L4([a, b]) by the
scaling factors Cfl = hll/2_1/q and C’é = hll/Q_l/q = 1/C,l1, respectively, i.e.,

Ouki = CL @i, Yiki = Clibip, (A.10)
Bk = Cobipis Vi = Chtbini, (A.11)

where we choose ¢ = 0o and § = 1. Obviously, these functions inherit the above properties from
their L?-counterparts, where the functions are uniformly bounded by 19ill 2y ([a8])> 1Will Ly ([at])
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and |||z (jap))s 1WillL,(lab))> Tespectively, instead of 1. Note, in particular, that condition
- holds

The vanishing moments (A.9) and the normalization imply that the details decay at
a rate of at least 27'M when the underlying function is locally smooth, i.e.,

| (w, ki) fagy| < Peiﬁlf (f = Pougidan] S 271MHfHHM(Vl,k)' (A.12)

M-—1

Here, the number of vanishing moments is at least M = M, ; > p

Furthermore, the orthogonality relations , and together with the scaling
and ensure the existence of the two-scale decomposition (3.23) and (3.24) and
its inverse . The corresponding mask coefficients are determined as

~ 0,s
m

i Bliksis Pl 2k4s,5) [ad]) = P/ V2,

~ 1,8

m;; = 1kyis Pl+1,2k+s,5/[ab]) = gzg/\[

(@1 ) (

(W ) (
fl(-),’js = <<Pl+12k+sz,90lk]>[a,b)—h ,/\[, (A.15

( ) (

~1,s

9i; Pl41,2k+s,i» wz kg1 [a,b]) gj,i/\@

for s = {0,1}. Note that by construction the inner products simplify to

Efj = (@l kyis Plt1,2k+s,5) = V2(0i(), ©j(2-+2s = 1)), (A.17)
gij = (Vi jesir Piot 2ktsg) = V2(1i(+), (2 - +2s — 1)), (A.18)

where we use the supports of the scaling functions and multiwavelets determined by
and their shifts and translates (A.3)). Since for any orthogonal polynomial sequence {P;};>0
with P; € II;, any polynomial of degree i can be expanded in terms of Py, ..., P;, the matrices
{B%}MZOJ, s =0, 1, are lower triangular.

In particular, for the Legendre scaling functions and Alpert’s multiwavelets we obtain

hij = (=1)"™hy, g = (1) gy

. (A.19)

using their symmetry properties.

A.2 Two-scale relations of evolution equations for single-scale and multiscale
coefficients

Here we will discuss in detail how to derive the two-scale evolution equations (4.1)) and ( .
for the single-scale coefficients and the multiscale coefficients, respectively. Flrst of all, we
recursively derive the evolution equations for the single-scale coefficients. For this purpose we
assume that on level [ + 1 the evolution equations for any r € I;;1 can be written as

1
Uﬁ: ri =Ul1 T (Bln+1,r,i — Gl — Sln—i-l,r,i) ) (A.20)
where the numerical flux, the numerical ﬂux balance, the flux quadrature and the source quadra-
ture are determined by . . and with l + 1 instead of [. For [ = L — 1 these

equations obviously coincide with the reference Scheme and . . - In order to
determine the recursive formulae for the numerical flux Fl”k, the numerical flux balance By} ;,
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the ﬂux quadrature G”k and the source quadrature ki We apply the two-scale transforma-

tion ) to the evolution equation ([A.20)) and define the single-scale coefficients on level [ as

0,

Z Z mzjsvét—i-l 2k—+s,5° p=mnn + 17 (A'21)

JEP s€{0,1}
where k € I;. Then we obtain

~ 0,
7]?11 Z Z Z]svln++112k+s ] TU -7 (TB - TG - TS) (A22)
JEP s€{0,1}

with

R ~Os
L, = Z Z m UZH 2k+sjr 1B _Z Z Bl+12k+s,]7

JEP s€{0,1} jeP se€{0,1}
To = > > ~DSG1+1 ohrs Ts =) ~0351+1 %h+1,5°
JEP s€{0,1} JEP s€{0,1}
From the two-scale relation we directly conclude
Ty = V- (A.23)

Since (4.3]) holds by assumption for [ + 1, the second term can be split into two parts, i.e.,
Tp = Tp1 + Tps with

o ~ 0,1 n ~ o ~0,0 rn ~ ot
Tp1 = E (mij Fl+1,2k+2%01+1,2k+1,g ($l+1,2k+2) - My, Fz+1,2k601+1,2k,j (ml+172k)> )
JjEP
o mn ~ 0,0 ~ — ~ 0,1 ~ +
Tgy = Fl+1,2k+1 E (mij 80l+1,2k,j(xl+172k+1)_mij 90l+1,2k+1,j(33l+1,2k+1))'
JEP

The nestedness |) of the grid hierarchy implies that the following grid points coincide: x;rk =

+ +
L1412k %H%

= T131 2kt1 and Ty ki1 = T okro- From the two-scale relation (|3.23]) we then

conclude
. ~ 0,5 ~
QOl,k,i(g’Ifzt—k) - Z Z mij8¢l+172k+s’j($ﬁ_l,2k>7 (A24)
JEP s€{0,1}
7 + "’Oa 4 +
‘plv’“vi(xl,kJr%) = D D iy B zkrs (3 ghe); (A.25)
JEP s€{0,1}
~ — - 0,5 ~ _
Qol,k,i(l“l,lg-yl) = Z Z mij8¢l+1,2k+s,j(uTH_LQk_,_Q)- (A.26)
JEP s€{0,1}

Furthermore, we obtain by the supports (3.10)) of the basis functions

- + - _
C141,2k,5 (T3 1 2k 42) = 05 Pia1,2641,5 (T4 9p41) =0, (A.27)
- + -

<Pl+1,2k+1,j(37l+1 k) =0, 90l+1,2k,j(37111 2k+1) =0. (A'QS)

Inflating the term 751 by the zeros in (A.27)) and using the identities (A.24)) and (A.26) we end
up with

_ m =01 ~ - n =00 ~ +
Tp1 = Fiiok42 Z My; 90l+1,2k+1,j($1+172k+2) — 10k Z my; 90l+1,2k:,j(xz+1,2k)
jeP JjEP
— I = N n = (et
= Fi4 opgo Puki(Ty 1) — Fil1 on ki) (A.29)
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Similarly we inflate the term Tpo by the zeros in (A.28]) and employ the identity (A.25)). Then
the term

i 5 (T % (Tt —
T32 - E+1,2k+1 (@l,k,l($[+172k+1) - gplvkvz(xl-i-lﬁk—i-l)) =0 (A30)
vanishes, because ¢y ; is continuous inside its support V;  and xy125+1 = 2,1 € Vi
ks ; ; et ;

For the term T we proceed in a similar manner. By assumption that (2.10]) holds for level
I+ 1, we may rewrite this term as

To=3 S [ f ) s () di (A.31)
JEP re{0,1} Vit1,2k4r

Since the two-scale relation (3.23)) also holds for the derivative of the scaling function in V4
and the supports of the scaling functions are determined by (3.10]), then we conclude from the

nesting (3.1))

p—1
= Y [ i)Y Y e s @ (A352)
Vit1,2k4r

re{0,1} J=0s€{0,1}
= Y | s dlede= [ ) o) de
7‘6{0 1} ‘/l+1 2k+r Vvlvk

Analogously, it can be shown that
Ts = / S(oL(t",2)) - Prps() da.
Vik

Thus we have derived the evolution equations of the single-scale coefficients on the coarse scale
I from those on the fine scale [ + 1.

Finally, the two-scale evolution equations for the multiscale coefficients are determined
by definition. Motivated by the two-scale transformation we first define the multiscale

coefficients as
w ls u _
dl,kz' Z Z ng V)1 okts. o uw=mn,n+1. (A.33)
Jj€P s€{0,1}

Then incorporating the evolution equation we directly end up with . In order to
derive the right-hand sides in , and we have to proceed in a similar way as
in the above case of the evolution equations for the single-scale coefficients. In principle we
have to replace the mask coefficients m * by m1 * and the single-scale functions ¢y ; by the
multiwavelet v ;.

First of all, we again apply the two-scale transformation to the evolution equation

(A.20)) and obtain

Z Z 7 }]Sv;fll%w Ty—7(Tp—Tc—Ts) (A.34)
JEP s€{0,1}

with

T e ~].,S n sl o ~1,S n
Ty = > > 0 Vokisi TB:= Y. >, M Blioks

jEP se{0,1} JEP s€{0,1}

Tg = ;G Ts:= Sy

G = My G141 ,2k+s,50 4 8= M5 Ol41,2k+1,5-
JEP s€{0,1} JEP s€{0,1}
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From the two-scale relation (A.33]) we directly conclude

Since holds by assumption for [ 4+ 1, the second term can be split into two parts, i.e.,
Tp = TB1 + T gy with

m - ~11 1,0 ~ +
Tpy := Z (mu Fl+1 U2 PI+1, 2k+1,](l‘l+1 2k+2) m;; Fﬁrl,QkSOl-i-leJ(."L‘l+172k)) ,
JjeEP
T = 51,0 > - ~1,1 ~ +
Tpy = Fln+1,2k+1 Z (mij 801+1,2k,j(961+172k+1) - my; g01+1,2k+1,j(xl+172k+1)) .
JjEP
Due to the nestedness (3.1) of the grid hierarchy we infer by the two-scale relation (3.24))
7 + _ ~ 1,5 ~ +
bigilagy) = D> iy Pl 1,2k+s,5 (L1 21) (A.36)
JEP s€{0,1}
- 178 s :l:
NGy Lkt1 1) = Z Z M5 Pit,2k+s,5 (X151 9p 1) (A.37)
JEP s€{0,1}
7, — ~ 1,5 ~ _
wlvkvi(xl,k+1) = Z Z mzj @l+1,2k+s,j(xl+1’2k+2)~ (A38>
JEP s{0,1}

Inflating the term Tp; by the zeros in (A.27) and using the identities (A.36]) and (A.38) we
end up with

= . ~1,1 ~ _ ~1,0 ~ +
T = Fliiokso Z M5 ¢l+172k‘+17j($l+172k+2) - Flﬁl,% Z my, ¢l+172k:j($l+1,2k)
jeP jeP
_ y - 7 +
= Flﬁ-1,2k+2 ¢l,k,i($l,k+1) - Fz%,% ¢l,k,i(f‘7l,k)- (A.39)

Similarly we inflate the term Ty by the zeros in (A.28) and employ the identity (A.37).
However, opposite to (A.30), the term T gy does not vanish

Tpa= Fﬁrmkﬂ (il,k,i($;+l,2k+1) - ‘Z’l,k,i(x;zrl,zkﬂ)) =0, (A.40)

because v 1. ; is discontinuous at the center x; 41 2x+1 = Tkt of its support V; .

For the term T we proceed in a similar manner. By assumption that (2.10)) holds for level
I+ 1, we may rewrite this term

To=3 2 [ fn ) o) (A1)

jeEP re{0,1}

Since the two-scale relation (3.24) also holds for the derivative of the multiwavelet in V; ; and
the supports of the multiwavelets are determined by (3.10)), then we conclude from the nesting

B1)

T ~ 1,5 ~
fa = Z / 'z Z Z 2] 902—&-1 2k+s,]( ) dx (A.42)
‘/H’l 2k+7‘

re{0,1} 7=0 s€{0,1}

= X [ o) b ds

T‘G{O 1} I+1,2k+r
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Analogously, it can be shown that
Ts :/ s(vr(t", x)) 1;“”(3:) dx.
Vik

Thus we have derived the evolution equations of the details on the coarse scale [ from the
evolution equations of the single-scale coefficients on the fine scale [ + 1.

A.3 Some properties of the DG scheme in the mean

The analytical investigation of the adaptive MR-DG scheme in Section 5| uses the ['-stability
and the [*°-boundedness of the underlying reference DG scheme in the mean. For completeness
of this manuscript and for convenience of the reader we give here the full proofs. Here again
we confine ourselves to the forward Euler time discretization.

In order to verify these properties, the DG scheme in the mean with numerical flux
is interpreted as a perturbation of a monotone finite volume scheme. For this purpose,
we first rewrite the numerical flux as a perturbation of a monotone flux evaluated with
respect to the mean values, i.e.,

F, = F(vk_ljo,vk’()) + A F),  with
~— ~+
AFg = F(0g-1,0+ V1,00 — V) — F(vk—1,0, Vk0)-
Hence the evolution equation for the mean values reads
vt = HE = N(AFJy — AFP) + 783, (A.43)
where the evolution operator
Hi = v = ME(vE 0, v110) — F(0F-10,0%0)),  A:=7/h, (A.44)

is only defined by the mean values, i.e., H! = H(v;_ o, v} g, Viyq o) Here we use that ¢ppo =
h~'x.. holds according to 1) Note that for k = 0 and k = N — 1 we access to data outside
Vi

the set Zj,. For this purpose we extend the vectors by v_1; = vo; and vn; = vn_1,4, 1 € P.
This is justified, because we assume that for the time interval [0, 7], the solution of the initial
value problem ([2.1)) vanishes outside the interval [a, b].

The numerical flux F' is assumed to be monotone. This typically holds, if a CFL condition
is satisfied, i.e.,

ALp < CFLpyax <1, (A.45)
where the Lipschitz constant
F —F F - F
b max W) = Fo,w) e Fwu) = F(w,v)] (A.46)
ful Jol.Jeo|<C u— vl ful o], lwl<C u =l
depends on the initial data, i.e., C = |uo||fc(r). Hence, the discrete evolution operator H

defined by (|A.44)) corresponds to a monotone finite volume scheme for sufficiently small time
step size 7. It is well-known that a monotone FV scheme satisfies a min-max condition and is
['-stable, cf. [39], i.e.,

min(vlycll,o;vg,oavgﬂ,o)g Hy SmaX(vﬁfl,o,vZ,o,vﬁH,o) (A.47)

YOIHEL < Yl (A.48)
k k
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Furthermore, if the limiter satisfies the condition (2.21)), then we may estimate the flux
perturbations by the Lipschitz continuity of the numerical flux F

|AFy| < Ly 155 | + L, [54| < Lp Co h%, (A.49)
where the local Lipschitz constants are determined by

~— ~+ ~+
L= = F(uk—1,0 + 01,0 — Uk ) = F(vk—1,0, vk,0 — Vg )
o Ol ’
~+
LT = F(Uk71,07 Vk,0 — Vg ) — F(kal,o, Uk,o)
2,k T ~r .
[, |

Here the Lipschitz constant Ly depends on the bound
RV |00 + Cq b (A.50)

In the following we show that the DG scheme in the mean inherits the above properties of
the underlying monotone FV scheme, where we basically have to assume that the time step
is sufficiently small and the higher order coefficients are bounded by an appropriate limiting
process. For this purpose we first verify that one time step is [*°-stable.

Lemma 5 (Local *°-stability of reference DG scheme in the mean) Let Q = [a, b] be bounded.
Furthermore we assume that

1. the numerical flur F : R? — R is consistent with the flur f, locally Lipschitz continuous
and monotone under the CFL condition CF Ly,

2. the source function s : R — R satisfies a global Lipschitz condition with Lipschitz constant
Lg and s(0) = 0; in particular, Ls = 0 if s = 0.

3. the limiter 11, does not modify the zero order coefficients (mean values) and holds
at the cell interfaces and in case of an inhomogeneous problem (s % 0) also inside the
cell, i.e.,

| Mv)kipni(@)] < Cah®™, z € Vi (A.51)
iEP*

For any v € (RP)NL et Lp = Lp(||RV||loo + Cah®) be the Lipschitz constant in (A.46) and let
A = 7/h be small enough such that the CFL condition (A.45) holds, thus, the numerical flux F
1s monotone. Then the forward Euler step of the reference DG scheme is [*°-stable, i.e.,

IRELTL Voo < (1+ Lom)|[RV]|oo + A (2 Ly + Ly)Ch h°. (A.52)

Proof: Let be v € (RP)M.. Then the higher order coefficients are limited such that :2.20)
holds, i.e., w := Il v, before applying the evolution operator £. According to (A.43: the
updated data may be estimated by

IR EL wlloo < [H(Wo)[loo + AAW)[[oo + 7 [[S(W) oo, (A.53)

where the vectors H, A, S € RV2 are determined by the components Hy, |A Fj| + |A Fy 1]
and s o that are computed by the data wqo := R w and w, respectively.
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Since the numerical flux F' is monotone, we infer by the monotonicity of the corresponding
FV scheme

H(Wo)[loo < [IWolloo = IRV |oo- (A.54)
Here we use that the mean values are not modified by the limiter, i.e.,
wo =Rw = RIILv =Rv. (A.55)

Since we perform limiting before the time evolution, condition (2.21]) holds and we may estimate
the flux perturbations by (A.49) and obtain

AMIAW)[[oo £ 2ALr Cq b (A.56)

Furthermore, we may estimate the source quadrature by

|Sk.0

< ) Js(w(@) = sO)] - [@ro(@) do < Ly flwll o i),
k

where the function w is defined according to (2.3) with single-scale coefficients w. Here we use
that the source function s is assumed to be globally Lipschitz continuous and s(0) = 0, and
Pr0 = hilXV is determined by (3.16)). Since condition (A.51)) holds inside the cell, we infer

k

w(@)] < [wioro(®) + > whipri(@)] < [wgol + Ca h*' < [[Wolloo + Cah®,

iEP*
where we use ¢ 0 = h@po. Then we obtain with (A.55)) for the source quadrature
IS(W)lloo < Ls(IR Voo + Ca h*). (A.57)

Finally, we conclude the assertion (A.52) from (A.53)), where we use the estimates (A.54]),
(50, (57, ie.

IRELIIL Voo < [|RV||oo + 2ALFCoh® + 7 Lg || R V||oo + A Ls Cy h*.

From the local [*°-stability we may now infer the uniform stability result. U

Proposition 2 (I1*°-stability of reference DG scheme in the mean) Let the assumptions of
Lemma[3 hold true and

RELTILW|loo < (14 LeT)||RW||oo + Cph®  for all w € (RP)NE (A.58)

with Cp = Cp(||RW||oo + Cah®) and a > 1. Put Co == X1 (||ug|| oo + M), where M > 0 is an
arbitrary but fized constant. Let Cp, and Lp be upper bounds for Cp(w) and Lp(w) such that
Cp > Cp(w) and Ly > Lp(w) hold for all |[Rw||c < Coo. If X = 7/h is chosen constant and
sufficiently small, such that a CFL condition holds with Lr, implying the monotonicity of F,

and
1

AM L a—1 .
h < (M) L0
() =
then the forward Euler step of the reference DG scheme is uniformly 1°°-stable, i.e., for all time
levels n with nt < T we have

IRV |loo < Coo for nt <T, (A.59)

where in particular the constant C is independent of the discretization parameters h, T and
n.
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Proof: We will show the proposition by induction. First we consider n = 0. Then by
the definition of @0 and the choice of Cy, we may estimate the discrete norm by the
function norm, i.e.,

IRVElloc < fluollre < Coo,

where we use 1 < elsT and M > 0.
Now we assume that ||Rv7} [|oc < Cs holds for j < n. Then by assumption (A.58) holds with
C, for all v}, j <n. Therefore we may apply (A.58) repeatedly and obtain

n—1
IRVE oo = IRELTILVE Moo < (14 Ls )" IR VE oo + Cp h® Y (14 L 7).
=0

Now we use nT < T and the bound on h. If Lg = 0, this implies
IRVE oo < RV lloo +nCph® < RV [loo +TCph® /A < [|[RVY || + M = Cec.

Otherwise, if Ly # 0, we estimate the geometric sum by (1 + Ly7)"/(Ls7) < €T /(Cy1) and
obtain B
IRVEII < e"T(|RVE oo + Cph®/(LsT)) < ™7 (|[RVY[loo + M) = Coo.
U

The result on the boundedness of the DG scheme in the mean is now used to verify [!-stability.

Lemma 6 (Local I'-stability of reference DG scheme in the mean) Let the assumptions of
Lemma @ hold true. For v,v € (RP)NL let Ly > max(Lp(v), Lp(V)). Let X be sufficiently
small such that the CFL condition holds with L, then the forward Euler step of the
reference DG scheme in the mean is [*-stable, i.e.,

HR(gL II,v—-¢&p HLV)Hl < (1 + LST)HR(V — V)Hl +2 (b — CL) A (2LF + Ls) Cy h”. (A.60)

Proof: Let be v,¥ € (RP)N2. Then the higher order coefficients are limited such that (2.20)
holds, i.e., w := Il v, w := Il Vv, before applying the evolution operator €. According to
(A.43) the difference of the updated data may be estimated by

IR(ELw = EL W)l <
H(wo) — H(Wo)l[1 + A(JAMW)[[1 + [AM@)[[1) + 7 [S(w) = S(W)[l;,  (A61)

where the vectors H, A, S € RV are determined by the components Hy, |A Fj| + |A Fy 1]
and s o that are computed by the data wg := Rw, w and Wy := R'W, W, respectively. Since
the numerical flux F' is monotone due to the CFL condition, we infer by the I'-contractivity of
the corresponding F'V scheme

[H(wo) — H(wo)ll1 < [[wo — Woll1 = |R(v = V)1 (A.62)
Here we use that the mean values are not modified by the limiter, i.e.,
wo = Rw =RII;v=Rv, Wy=Rw=RII.; V=RV (A.63)

Since we perform limiting before the time evolution, condition (2.21) holds and we may
estimate the flux perturbations by (A.49) and obtain by the choice of Lg

AIA®) L+ AL < 25— a) \2Lp Ca h°. (A.64)
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We may estimate the source quadrature by

|Sko = Skol < (w(z)) = s(@(x))] - [Pro(x)] de < Lsllw = @1 (v3),

|s
Vi

where the functions w and W are defined according to (2.3|) with single-scale coefficients w and
w, respectively. Since condition (A.51)) is assumed to hold, we infer from ({A.45))

+ D (ks = Whi) ra

1€P*

where we use ¢ o = Xy, - Then we obtain with l) for the source quadrature
k

[w =0 Lo (vi) < [Wk0 — Whyo |Lovi) < w0 = Wl +2Ca K7

IS(w) = S(W)ll1 < L (IR (v = 9)[1 +2(b — a) Ca h*7H). (A.65)

Finally, we conclude the assertion (A.60) from (A.61)), where we use the estimates (A.62)),
(A6Y), (A5D), ic.,

IR(ELwWw—ELW)|1 < |[R(Vv—=V)|[1+2(b—a)\2LpCoh®+7 Ls |R (v—7)|[1+A Ls 2(b—a)Cy h®.

O
In order to control the perturbation error of the adaptive MR-DG scheme and the reference
DG scheme in the mean we employ Lemma [6]in Theorem [I} For this purpose we need that the
constants on the right-hand side of do not depend on the discretization. In Proposition
this is proven to hold for the reference DG scheme provided that the discretization is chosen
sufficiently small. For the adaptive MR-DG scheme this follows by Theorem [4]
Finally we conclude uniform I!-stability using Lemma @

Proposition 3 (I'-stability of reference DG scheme in the mean) Define by vi := E 11, Vz_l
and V' = E 11, ngl two approzimations of the DG scheme with initial data ug € L*(R) and
Uy € L*(R), respectively. For both sequences let the assumptions of Proposition @ hold true,
i.e., both sequences are bounded in the [°°-norm and there exists a uniform Lipschitz bound L.
Let Cy = &7 and Cy = 2(b — a)(2Lp + Ls)Co/Ls if Ls # 0 and Cy = 4T(b — a)LpCy if
Ls = 0. Then the forward Euler step of the reference DG scheme in the mean is uniformly
I*-stable, i.e.,

IR (Vi —+¥7)|1 < C1(1 4 C2) max(||ug — Uo||L1,h°‘_1) for nt <T, (A.66)

where in particular the constants C1, Co are independent of the discretization parameters h, T
and n.

Proof: Without loss of generality, the CFL condition is chosen such that the numerical
flux is monotone and the discrete evolution operator H defined by (A.44]) corresponds to a
monotone finite volume scheme. Then we may apply (A.60|) repeatedly and obtain

n—1 '
IR(VE=VE) 1 < (L4 Le7)"|R (v] = ¥9)[l +2(b— @) A (2Lp + Ls) Ca h® > (14 Ly 7)".
1=0
By definition (3.16]) of ¢ we furthermore may estimate the discrete norm by the function
norm, i.e.,
IR (vE =¥l < lluo — ol| -
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Similar to the proof of Proposition [2] we now distinguish the two cases Ly = 0 and L # 0. For
both cases we deduce

IR (vE = VD)l < CLIR (VL = )l + C1Coh ™,

where we use n7 < T and the bound on h according to Proposition |2| This verifies . O

It is worthwhile mentioning, that the above stability result implies the TVB property of the
DG scheme in the mean. For this purpose we have to choose ¥V} as a shift of v} by one index.
Hence the assumption of uniformly bounded higher order coefficients does not only imply
that the weak limit satisfies an entropy condition, but ensures convergence at all. Hence
is a strong assumption.

A.4 Projection of mean values from coarse to fine scales

In order to perform Step L4 in Algorithm [2] we have to compute mean values on level L from
data on coarser levels. This can be done in an efficient way, where we have to pre-compute
some mask coefficients. For this purpose, we consider the function v € Sﬁ characterized by the
coefficients on an adaptive grid G. Consider a cell V; ,, with (I,k) € G. For any cell Vg, 1 C Vi,
we want to calculate the mean values vy, ;s . The single scale-representation gives

VLk',0 = / v(x) - Pro(w)de = Zvl,lm/ P k,i(@) - Prwo(@)de.
Viw i€P Viw

Note that there are no detail coefficients due to the assumptions. Since ¢ 1 ; is defined by shifts
and translates of the mother-scaling function, the value of

Cds,i = / Lk (T) - Pr o(z)de
VL,k’

only depends on the difference in levels d = L — [ and the relative position s = 29k’ — k.
For instance, for the basis constructed in Appendix [A7T] one can easily compute

1 1=0
V3 (21 ds 4271 - 1) i=1
V5 (657474 + 6479542479 - 65277 —327% + 1) i=2
C . =
BT ) VT (208387 4 308742 4 2085 + 5874 — 30 524~ — 304
—-10474+ 125277+ 6277 — 1) i=3
i>3

With these coefficients we obtain the mean value by

UL K',0 = E Cr—12L-lk' —k,iVlk,i-
ieP
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