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Abstract

Non-uniform grids and mesh adaptation have become an important part of numerical approx-
imations of differential equations over the past decades. It has been experimentally noted that
mesh adaptation leads not only to locally improved solution but also to numerical stability of the
underlying method.

In this paper we consider nonlinear conservation laws and provide a method to perform the
analysis of the moving mesh adaptation method, including both the mesh reconstruction and
evolution of the solution. We moreover employ this method to extract sufficient conditions -
on the adaptation of the mesh- that stabilize a numerical scheme in the sense of the entropy
dissipation.

1 Introduction

Hyperbolic conservation laws appear in various applications. For example, fundamental physical laws,
the conservation of mass momentum and energy, lead to the Euler equations of gas dynamics. Further
examples arise in traffic flows, shallow water flows, magnetohydrodynamics and biology, see, e.g.
[LeVO02, Tor01, GR90, FSS11].

Let us consider a scalar conservation law in one space dimension,
us + f(u), =0, x€la,b], t€]0,T), (1)

with initial data uwg € L°([a,b]). In order to simplify the presentation we assume e.g. periodic
boundary conditions or Cauchy problem.

Adaptivity is a main theme in modern computational simulations of complex physical phenomena.
It is important to investigate the behavior of adaptive schemes for hyperbolic problems, such as (1),
which exhibit several interesting and not trivial characteristics. In literature we can find different
mesh adaptation approaches see e.g. [HH02, Ohl09, AMS06, PS11, Sfall, TW06, KO00, GS02], and
the references therein.

In this work we study the behaviour of certain geometrically driven adaptive algorithms when
combined with the important class of entropy conservative schemes introduced in [Tad87, Tad03].

In every time step ¢t = t" we consider the following spatial mesh:

M)={a=2z} < ---<af =b}

with variable space step sizes hi' = =} | — 7, ¢ =1,..., N — 1. The mesh will be reconstructed in
every time step t". Further, we consider a numerical approximation U™ of the exact solution u over
the mesh M at time t = t" given as a



For both the analysis and the numerical studies of this paper we have used a specific kind of
mesh adaption techniques that we shortly describe here and in more details in Section 2. Both, the
construction and evolution of our non-uniform meshes and the time evolution of the approximate
solutions, are dictated by the Main Adaptive Scheme (MAS) :

- in every time step construct new mesh according to the prescribed adaptivity criterion,
- reconstruct the numerical solution over the new mesh,
- evolve the numerical solution in time using the numerical scheme.

MAS will be discussed in details in Section 2; we note here that the number of spatial nodes is fixed
and that the reconstruction of the mesh is realized by moving its points according to the geometry of
the numerical solution.

The use of non-uniform adaptively redefined meshes, in the context of finite differences, was first
studied, among others, in [HH83], [DD8&7], and [TT03]. The approach that we follow, for the mesh
reconstruction step of MAS (Step 1) was first introduced in [AKMO1, Arv02]. Applications of MAS on
several problems,; point out a strong stabilisation property emanating from the mesh reconstruction see
e.g. [AMTO04, AD06, AMSO06, Sfall, Sfa09]. These stabilization properties led in [AMS06] to combine
MAS with the marginal class of entropy conservative schemes. The later were first introduced by
[Tad87] and further studied by [LR00, Tad03, LMT09]. These are semi-discrete numerical schemes
which satisfy an exact entropy equality. On one hand entropy conservative schemes are interesting on
their own right, since they appear in the context of zero dispersion limits, complete integrable systems
and computation of non-classical shocks. On the other hand they are important as building blocks
for the construction of entropy stable schemes [Tad87, Tad03, LMT09].

We note that classical techniques for the analysis of numerical schemes using moving meshes, only
include the time evolution step of the procedure. In order though to have a complete picture of the
quality of the numerical solution under a mesh adaptation procedure a broader analysis is needed. In
this direction the work done in [Sfa09] has provided some constructive analysis tools.

In the present paper we are able to combine in one relation, the effect of both the time evolution
and the mesh adaptation used in the moving mesh approach. Let us point out that our approach
allows us to represent the effects of both the adaptive mesh reconstruction as well as finite volume
scheme in one conservative update relation over a reference uniform mesh (22). This approach allows
to apply the entropy stability analysis and derive a sufficient mesh adaptation criterion to control
entropy production.

2 Main Adaptive Scheme (MAS)

Using non-adaptive meshes -both uniform and non-uniform- the evolution of the numerical solution
is dictated solely by the solution update. On the contrary, in the adaptive mesh case, two more
phenomena need to be taken into account; the construction of the new mesh and the solution update.
These steps comprise the Main Adaptive Scheme (MAS):

Definition 2.1 (MAS). Given mesh M} and approximations U™,
1. (Mesh Reconstruction). Construct new mesh M7+!
2. (Solution Update). Reconstruct U™ over M?*! to obtain U".

3. (Time Evolution). Evolve U" in time to compute U1 over M7+,



It is important to note that in the case of a fixed mesh, uniform or non-uniform, there is no need
for mesh reconstruction (Step 1.) and effectively no need for step 2. In such case MAS reduces to
just the time evolution step (Step 3.) which is what is usually considered as a numerical scheme.
The extra steps of the adaptive MAS, on one hand, change significantly both the computation and
the analysis of the numerical approximations, and on the other hand are responsible for stabilization
properties of the MAS.

The crucial property of the mesh adaptation that is analysed in this paper is the following: In the
mesh reconstruction step (Step 1.) the nodes of the mesh are relocated according to the geometric
information contained in the discrete numerical solution:

in areas where the numerical solution is more smooth and flat the density of the nodes is low, in
areas where the numerical solution is less smooth or flat the density of the nodes should be higher.

In fact, the mesh reconstruction process can be chosen in any suitable way. One possibility is to
use the monitor function which reflects the curvature of the numerical solution. For details we refer
[Sfa09, ADOG].

Further, we consider the solution update procedure (Step 2. of MAS). The numerical solution U™
is given on the old mesh M’ and is recomputed as U™ on the new mesh M+ There are many ways
for the reconstruction. In this work we use conservative piecewise constant reconstructions.

Finally, for the time evolution step (Step 3. of MAS) we use any suitable numerical scheme for
non-uniform meshes. Denoting the mesh-solution pair by

U ={u",i=1,...,N} 2)
M" ={Cr|CM =ht,i=1,...,N} (3)

we obtain in the case of finite volume scheme

n+l _ ~n At" n Fn 4
wp =y = prrt \Mit1/2 T His1y2 ) (4)
i
Here U™ = {i?,i = 1,..., N} is a reconstructed U™ over M”*! and the numerical flux F is decorated

with ~ since it is computed over the updated values U. The numerical flux itself can be any numerical
flux valid for non-uniform grids. We refer to [Sfa09, ADO06] for more details regarding both the
implementation of numerical schemes over non-uniform meshes and their properties.

2.1 Reference uniform mesh

A schematic representation of MAS (2.1) in the form of mesh-solution pairs is the following

{M:, Un} mesh adapt. {M;hLl, Un} num. scheme {M£+1, Un+1}, (5)

where in the first part we have considered the steps 1 and 2 of MAS and in the second part the step
3.

In parallel to MAS and (5) we define a new set of mesh-solution pairs where the meshes are uniform,
constant in time, of the same cardinallity as M and discretizing the same physical domain.

Definition 2.2 (Reference uniform mesh-solution pair). Let {M,,U} and {M,V} be two mesh-
solution pairs with M, = {C;,|C;| = h;, i = 1,...,N}, M = {C;,|Ci| = Az, i = 1,...,N},
U= {uji=71,...,N},and V = {v;,i = 1,...,N}. We call {M,V?} the reference uniform mesh-
solution pair to {M,, U} if

- the meshes M, and M discretize the same physical domain, and



- the following per-cell mass conservation is satisfied for every i =1,..., N
A.’B v; = hz Uj. (6)

We prove in Lemma 2.1 that the per-cell conservation property (6) is a result of a geometric
conservation law.

Geometric conservation law

Let us consider a a time dependent cell C'(7) = (x1(7), x2(7)). We look for an appropriate conservation
law

ut(xvt) —l—f(u(x,t),x)z =0, (7)
that expresses the mass conservation of a quantity u using an appropriate &(u,x) function over the

moving cell C(7). Thus, by the Leibniz rule

z2(T)

u(z, 7)dr = u(z2(7), 7)2h(7) — u(z1 (1), 7)) (7) + / ug(x, 7)dx. (8)

z1(T)

d z2(T)
dr

z1(T)

If the mass of v over C(7) remains constant with respect to 7, the following condition holds

zo(T)
/ . w(z, 7)dr = —u(x2 (1), 7)2h(7) + u(z1(7), 7)2) (7). (9)

Integrating (7) over C(7) we obtain

z2(T) z2(T)
/ ug(x, 7)dx + / E(u(z, ), ) dx = 0.
z1(T) z1(T)

Now, using (9) we get

§(u(wa(r), 7), 22(7)) — E(u(x1(7), 7), 21(7)) = u(wz(T), T)25(7) — w(@1(7), 7)) (7).

A suitable flux function £ hence is
§(ua(r),7), (7)) = u(z(r), 7)a' (7). (10)
Therefore, the strong formulation of (7) reads
ug(x, 7) + (u(z, 7)xt)e =0, (11)

which is referred in the literature as the Geometric Conservation Law (GCL), see e.g. [TT61, TL79,
CHRO02].

As previously announced we can attain the per-cell mass conservation property (6) by discretizing
the corresponding GCL.

Lemma 2.1. The per-cell mass conservation label (6) is a consequence of the geometric conservation
law (11).

Proof. For every given cell-value pair C;, u; and the respective reference pair C;, v; —as provided in the
Definition 2.2— we set the moving cell C(7) = (x1(7), z2(7)) for 7 € [11, T2] to be a linear interpolation
of C; and C}

T—T] = Tog — T
Ci +

3
T2 —T1 T2 —T1

C(r)= Ci.




Now, to attain a discrete version of (11) we integrate it over C(7)
z2(T) z2(T)
/ ug(z, 7)dx + / (w(z(r), 7)ze (2, 7)), de = 0,
z1(T) z1(T)
and invoke (8) to get
d x2(T) z2(T)
[ uw e — uaa(n) )b () + () )0 + [ (el ), de =
x1(T) z1(T)
We discretize explicitly in [y, 73] after notin_g that u = u; at 7 = 7 and u = v; at 7 = 7o, set
AT =715 — 11, and recall that |C;| = h;, and |C;| = Az to get
1
AT

x2(72) —xz(ﬁ)+u_fc1(72) —w1(T1)+u_xz(Tz) —2a(ny)  wa(m) —n(n)

AT ! AT ! AT ! AT

(Axvi — hluz) — U

or simply
Az V; = hz (17

O

Remark 2.1. The time variable 7 used in the previous proof refers to ficticious time; it does not
correspond to the physically relevant time.

We point out that in the analysis we will use the reference uniform mesh-solution pair to combine
the effects of mesh adaptivity and the numerical update.

In view of the Definition 2.2, and after applying the per-cell mass conservation (6) on the schematic
representation (5) of MAS, we get fori=1,..., N:

o mesh adapt. +1 an ~p num. scheme +1 +1 +1
hiul = Azv) ———— AT 4 = Ax 0 ———— )T wlT = Azo] T (12)
Now, by invoking (12) after multiplying with h;”’l, we can rewrite the scheme (4) over the uniform

reference mesh
n+1 n A" [ o
v =0T A ( it1/2 ~ F¢71/2) ; (13)
where F is the numerical flux function from (4) written in variables ©; and we once again note that
this schemes describes only the time update step of the overall scheme.
We refer to Figure 1 for a graphical explanation of the projection between the non-uniform and
the uniform reference mesh.

3 Entropy stability

It is a well-known fact that for hyperbolic conservation laws we look for the so called weak entropy
solution; i.e. a weak solution that satisfies an entropy inequality. In numerical approximations of (1)
a goal is to look for a scheme that automatically produces solutions satisfying a discrete version of
entropy inequality. The concept of the so-called entropy stable schemes has been first introduced in
[Tad87, Tad03] and the corresponding numerical solution then satisfies the per-cell entropy inequality.
If for every cell just discrete entropy equality is satisfied, such scheme is named entropy stable scheme.
We refer to [Tad87, Tad03] for further details.
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Figure 1: Geometric conservation law projection. The numerical solution over the non-uniform adap-
tive grid (upper graph) along side with the solution over the reference uniform grid (lower graph).
The arrows depict the projection via the corresponding geometric conservation law that results to the
per-cell mass conservation. The duration of this projection is described by the fictitious time variable
T.

Before stating the main theoretical result we introduce the following notations:

Avilyy g 7= vity — i, (14a)
fiy) — f(o])
n 1 1
i+1/2 = T A (14b)
o A”iJrl/Q
Qn . f(vznqu) + f(vzn) - 2F£k1/2 (14C)
i+1/2 = )
H/ AU?+1/2
+1/2 _  n+1 n
Az?+1/2 = xij1/2 —Zii1/2s (14d)
n+1/2 n+1/2
H" <Ami+1/2 )7 n <Ami+1/2 )+ n (14 )
! = — vt — — ] , e
+1/2 % he +1
MP =" (H;Ll 1y — HI, /2) : (14f)

Now, we proceed with the main theoretical result.

Theorem 3.1. We use the notations (14a)-(14f) and assume that the following condition holds

n Atn n Atn * 2 n

n SAtn * 2 n 2
+{ Dij1y2 — K Az (Bi+1/2 - Qi+1/2 - Di+1/2) (A”i+1/2) ) (15)



where Az, At™ are respectively the space and time steps that correspond to the numerical scheme (4).
Q* is the numerical viscosity of an entropy conservative scheme (see also Appendiz A and [Tad03]
for the definition and some properties of Q*). Then the mesh adaptation procedure MAS (5) with the
numerical scheme (4) for the time evolution step is entropy stable.

Proof. The numerical scheme for the uniform variables reads, cf. (13)

n ~n At g [n
v; = v — Ax ( i+1/2 Fi—1/2) .
We subtract v]* to develop the respective incremental form
At" . .
ot ol =87 — o — AL ( 1o — 2Fﬁl/z) .
Equivalently
Atn (o) + f(o) = 2F7,
n+1 n __ an n n n T 1 i+1/2 , pn n
Ui TV =0 T g (f(vi-s-l) + f(v) - — (it —vi")
. Lo fED ) —2E
R /) I
i i—1

AT n Atn n n n n n n
=V v — 2A:E( (Bi+1/2 - Qi+1/2> Avi+1/2 + (Bi71/2 + Qi71/2> AUil/Q)' (16b)

We point out that the term 97" — v is new and accounts for the mesh reconstruction and solution
update steps of the MAS (2.1).
We now express 0 — v}* in a conservative form with respect to {v;l} Accordingly the size of Cj
changes as:
+1 n+1/2 n+1/2
R = hi + A:Ci+1/2 — Axi_l/Q , (17)
and the mass of u over C; as:

RIFLG = AT ul — (Asc?jll/;) Cu + (Aaﬁ?jll/;)Jr uilyy + (Ax?jll//;) Uiy — (Af‘”?:rll//;)Jr ui'. (18)

Now, (18) recasts to:

n+1/2 n+1/2 n+1/2 n+1/2
A (aai) (Al )+ (aa2) (2t )+
n o - wr SR, R AL e

P h ' hi hi_y hy '
This relation can also be written as a conservative difference
n+1/2 n+1/2 n+1/2 n+1/2
(Axi71/2 )7 (Amiq/z ) (A‘ri+1/2 )7 (A‘ri+1/2 )
o = = | Sl | - o T v | (19)
h? 4 hl hl hi
= in71/2 - H?+1/2 (20)
Replacing (20) in (16b) we obtain
U?H — v :Hin—l/Q - Hin+1/2
Atn n n n n n n
T 9Ax (Bi+1/2 - Qi+1/2> A1)1'-5-1/2 + (Bi—1/2 + Qi—l/Q) Avi—l/Q ) (21)



which can be analogously written as a conservative update over the reference uniform mesh

" n At Az . Az . .
P =p - Ar (Athi+1/2 +Fli— Tthifl/2 - F¢1/2> : (22)

v,

We note that the conservative difference H*
the solution update step of the MAS.

In order to simplify the presentation of the rest of the proof we assume that the entropy and the
conservative variables (¢ and v, respectively) coincide, i.e. we choose U(u) = %uz for the entropy
function. Now, to recover the entropy-entropy flux representation of (21), we multiply it by the
entropy variables 07, yielding

" .
e H; Y12 accounts for the mesh reconstruction and

n n n Atn z FE n
ir1/2 ~ qu/z) e e R (AU +1/2) (23)

U@~ U + —

?

e

where G is the numerical entropy flux. We have further following [Tad03],

@ 1
gi( ) — 1 [Di_l/gAvffl/Q + D¢+1/2AU¢2+1/2]
K3 (At 2 2
&< (a) |(Bisijz = Quraje)” Ao + (Bicajo + Qicja) Moy o)
K3 (A ' ? : i
= <Am> |:(Bi+1/2 — Qitry2 — Di+1/2> Aviyy s+ (Bifl/2 Qi+ Di’1/2) Avf_l/Q} '

For the derivation of the last inequality we refer to Appendix A. Now, (23) reduces to

U(v; ) —U@P) + E(Gm-l/z - Gi—1/2) < M — 1Az (Di—1/2A”z‘2—1/2 + Dz‘+1/2AUz‘2+1/2)
K3 (Ar° , 2 \ 2
e (Az) [(Bi+1/2 - Qi+1/2 - Di+1/2> AU?+1/2 + (Bi—1/2 + Qifl/z + Di—l/Q) Av?1/2:| )

Hence, the sufficienct condition for entropy stability reads

M < m{( P = KOS (B + Qioyja + Do) > (2et12)

+ (Di+1/2 - KSE (Bi+1/2 — Qi1 — Di+1/2> ) (A%H/z) }

O

In view of (22) we point out that we can define a conservative numerical scheme to include and
describe both the time evolution as well as the adaptation of the mesh. Such a formulation was
missing in previous works dealing with the analysis of moving mesh methods. Such a formulation can
be given for both the adaptive -as well as for the underlying uniform- mesh-solution pair.

Definition 3.1 (Effective Conservative Scheme). The conservative numerical scheme for the cell
averages of the adaptive mesh-solution pair {M;‘, U ”}

U = Bt Uy — Pyaa) ( i+1/2 ]'—i—1/2) ) (24)
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Figure 2: In the first graph the numerical solution of a Burgers problem with discontinuous initial
condition over a non-uniform adaptively redefined mesh according to the MAS is depicted. In the
second graph we have depicted the corresponding solution over the uniform reference mesh; the relation
between the non-uniform and the uniform solution is the per-cell mass conservation. In the third graph,
both solutions are presented over the non-uniform grid.

where 77, = AA—tﬁHi"H/Z + Flyy )y - Here HY, », F', 5 are given by (14e) and (13) is defined to

be the Effective Conservative Scheme of the mesh-solution pair {M?, U"} and the MAS 2.1.

x —
Similarly, the conservative numerical scheme for the reference uniform mesh-solution pair {M , V"}

n+l _ n Atn n n 2
v =0 = o (P — Fitaye (25)
is defined as the Reference Conservative Scheme of the reference uniform mesh-solution pair as given
in Definition 2.2 .

We refer to Figure 2 for a graphical comparison between the non-uniform mesh-solution pair and
the corresponding reference uniform mesh-solution pair.

To further explain some of the ingredients of the previous proof we provide and example describing
the changes of the grid due to the adaptation of the mesh.

Remark 3.1. To gain further insight into (17), (20) we refer to Figure 3 and provide three special
examples of special movement and the corresponding computations of 9" — v’

- Cell moves to the left.

: n+1/2 _ n n+1/2 _ n n+tl _ pn n n_ _ .n n
This means that Awi+1/2 = —r, Awi71/2 =—r’,s0h, " =h—=ri+ri =r+1. The
- cotla . pn+lan _ on n n, n. i : : An_"?—l n I n
mass of u satisfies h; " 4 =]’ jui | 4+ [7u; writing in v variables 9] = R, Vie1 + g of or
rn rn
. —1
or — vl sl — ol (26)
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Figure 3: Three cases of cell movement.

- Cell moves to the right.
This means that Azl 2 =17 Az 2 =10 so kP = hp 407 — 17 = ¢ 417, . In this

i+1/2 i—1/2
. ~ . . ~ n m
case, the mass of u satisfies h?“u? =riul + 12 ju}yq, or in v variables 9} = ;Tfn v + v,
7 i+1
or
i I,
~n n __ i . n [ n
o — vt = *ﬁvi + =l (27)
i i+l

- Cell moves to both directions.

- 1/2 1/2 .
Similarly, Az 2=qn AxtT2 = —r .y, s0 hTh =R 417 + P . Moreover h il =

i+1/2 T Y+l i—1/2
n n n,n n n an _ Tici.n n 21 n
i+ hitud + I ugly, or 0Ff = R Vi-1 +tu; + Ry, Vi1 OF
Tn Z’I'L
~n n_ 'i—1 n +1 n
Uy —v = h Vil T Vi (28)
i—1 i+1

Let us point that now the conditions (26)-(28) are simple enough in order to be tested for a moving
mesh algorithm.
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4 Numerical experiments

We perform here a series of numerical experiments to analyze the inequality that appears in Theorem
3.1. To this end we first study the “new” term M;* and then the full inequality (15).

4.1 Experimental study of the M term

In this section we study the numerical behavior of the M term given in (14f) under the influence
of cell movement and the geometry of the numerical solution. To this end we have constructed a
numerical method driving the movement of the cells. The cells move with a prescribed velocity; after
each movement the numerical solution is reconstructed in a mass conservative manner over the new
grid. Time evolution has been suppressed in order to isolate the effect of the cell movement on M.

We present the results of the numerical experiment in Figure 4, where in the first case we consider
a constant node velocity and an initial solution profile that is comprised of an increasing, a constant,
and a decreasing part. Since the velocity of cells movement is kept constant any changes in the sign
on M are due to the geometry of the solution itself. In the second case the node velocity is given by
the gradient of the numerical solution. The initial profile used is the same as in the first case.

In both cases we see that M increases as the cells move towards higher values of the solution
profile and decreases as the cells move towards lower values of the solution profile. This verifies the
discussion from Remark 3.1.

After investigating the dynamics of the term M, our main goal in the next subsection will be to
numerically study the inequality (15).

4.2 Experimental study of inequality (15)
We discretize the domain in cells
M} ={C!,|C}|=h}i=1,...,N},
where the numerical solution attains the average values
Ut ={ulyi=1,...,N}.

The finite volume scheme we use for the time update (Step 3 of MAS) is written as
JAN AL -
n+1 ~1 n n
U, = Uy — rnﬂ (Fi+1/2 - Fi—1/2) )

where the numerical flux F' is decorated with " since it is computed over U= {ar,i=1,...,N}. un
is the mass conservative reconstruction of U™ over M+ according to the MAS:

{M;, Un} mesh adapt. {M;H_l, Un} num. scheme {M;H_l’ Un+1}.

The mesh adaptation that we employ follows the steps of MAS; for the mesh adaptation we use
the geometric curvature as estimator function. For further information on the implementation, the
properties, and for a wide range of numerical experiments using MAS we refer to [AKMO01, AMT04,
ADO06, AMS06, Sfall, Sfa09].

In this subsection we will analyse whether (15) holds for various standard numerical schemes for
hyperbolic conservation laws when our moving mesh technique is applied. The schemes that we will
consider are:

11



- the local Lax-Friedrichs (ILxF) scheme:

[n f(ﬁn)—i_f(ﬁ’n ) ~n ~n ~n ~n
i+1/2 = % — 0.5 max (|u1 l, |ui+1|) (Uv - U7:+1) ) (29)

- the Forward in Time Central in Space (FTCS) scheme:

tn flai) + f(agy,)
i+1/2 = 9 — ) (30)
- the Lax-Wendroff (LxW) scheme:
. hiy 4l + Ry 4l At”
n i+1 Y41 i ~n ~n
e = 1 (PR — S () - 1)) (31)

The results obtained by the adaptive lLxF, FTCS and LxW schemes can bee seen in Figures 5, 6, 7
respectively. Let us rewrite inequality (15) in the following way:

n At™ n A" * 2 n ?
M — m{ (Di—l/Z — KSE (Bi—1/2 + Qi—l/Q + Di—1/2> > (Avi—1/2)

n At™ . 2 N 2
+< ir1/2 — KBE (Bi+1/2 —Qiy12— Di+1/2> ) (Avi+1/2) } <0. (32)

In every (sub-)figure we present the numerical solution obtained over uniform and over adaptive grids;
along side we present the graph of the left-hand side of (32).

In the numerical tests, we examine the sign of the LHS of (32) (negative being the correct one)
and study the way our mesh adaptation technique is affecting it. In more details, we can see that
in the oscillatory scheme cases (FTCS and LxW) the mesh adaptation technique that we use has
completely tamed the oscillations of the solution; see [AKMO01, AMT04, AD06, AMS06, Sfall, Sfa09]
for a thorough numerical (as well as analytical) study of the stabilization properties of the MAS that
we employ in this work. We moreover see that the sign of the inequality in the adaptive case is
the correct one along the discontinuties. The solutions over uniform mesh are oscillatory due to the
anti-diffusive (respectively dispersive) nature of the schemes; the inequality has either oscillatory sign
(uniform FTCS) or the wrong sign (uniform LxW).

5 Conclusions

We study in this paper the entropy dissipation property of the adaptive mesh reconstruction tech-
niques. We consider a projection from the physical domain over an underlying uniform mesh. This
gives us the opportunity to combine in a single conservative formulation (Effective Conservative
Scheme, Definition 3.1) the effect of both time evolution and mesh adaptation. The entropy dis-
sipation of the mesh adaptation appears in Theorem 3.1 in the form of inequality (15) the sign of
which we analyse numerically. We verify numerically, by using oscillatory schemes that violate (15)
when the mesh is uniform, that the mesh adaptation based on the discrete curvature of the numerical
solution and the moving mesh techniques as described in Section 2, cf [Sfa09, AD06], can give the
proper sign in (15) and at the same time tame the oscillatory nature of the scheme.

For future work, our aim is to generalize the above ideas on adaptation of moving for multidimen-
sional problems. On top of the entropy criteria that we have studied in the present work we want
to analyze further desirable properties of the numerical solution, the numerical scheme, and most
notably of the underlying mesh that should be preserved.

12



Aknowledgements

The authors wish to thank E. Tadmor and Ch. Makridakis for the very useful discussions and sug-
gestions. This work has been partially supported by the research center of Computational Sciences in
Mainz as well as by the Humboldt foundation. The authors gratefully acknowledge their support.

Appendices

A Entropy stable schemes

In this section we present parts -after some modifications- of the analysis conducted in [Tad87, Tad03].
We moreover note that these works are to be viewed in the context of the seminal works on the subject
by [FL71, Moc78].

A finite volume approximation of the one-dimensional conservation law is written in the form

n
n+l _ . n At
o T Az

u (Fi1/2(U™) = Fi_y2(U™)) -

The corresponding viscosity form reads

U, oy = 2A:r{ - (f(ui-H) - f(Uu)) + Qi+1/2Aui+1/2

- () = Fa) ~ Q| (33)
with the numerical viscosity given by QF,,, = f(ui)+fA(4;T1)—2Fi+l/2. After denoting Biyy /s =
it1/2
% the equation (33) can be rewritten as
i+1/2

At?
U?H —ui = “9Ar ((Bi+1/2 - Qi+1/2)AU?+1/2 + (Bi—1/2 + Qi—l/z)AU?_1/2>~

Now, setting Dit1/2 = Qit1/2 — @, /20 with Q* the numerical viscosity of an entropy conservative
scheme we obtain

n+1 n Atn * n * A n
up U = o (Bz'+1/2 — Q12— Dz‘+1/2) Avilyy o+ (Bic1j2 + Qi_1)2 + Dic1y2 | Au o |
Next we multiply the last equation with the entropy variables ©. After noting that

g(FE) (ﬁ;ﬂrl/Z)

<17»" uttt — uTL> = U(u?“) -Uu}) - ¢&; ,

1 (3 K3

<'17;7” Fi7—li-l/2 - Fin—1/2> = G?+1/2 - G?—l/Q + & (7)),

where EfFE)(f)?H/Q), EX(DF) are given by
=1/2
£rP ) = [ | (5+¢) (Barm mr /a1,
£=—1/2

(=N 1 ~n n ~n 1 ~n ~n
& (o)) = 1 <A”171/2v Difl/ZAvi71/2> + 1 <A”i+1/27 Di+1/2A”i+1/2> ]
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we arrive to the entropy-entropy flux pair representation

n n Atn n n (FE) ~T Atn X (=N
U(v; ) —U@) + Ax{ i+1/2 © Fil/Z} =& (0 +1/2) - Egi (").

Now, entropy stability implies that:
A"
gl(FE') (ﬁn+1/2) _ Eé’lx(,&n) <0. (34)

In order to satisfy (34) the following conditions are sought as sufficient

N )
KBE(BiJrl/Q — Q12— Dit1/2)? < Dij1y2

7(31—1/2 + Qi1+ Di_1/2)> < Di_1)9

for every i. Due to conservative symmetry they give

A"
Az

K? (Biy1/2 £ Qiq10 £ Dit1/2)? < Dij1yo (35)

The last relation yields the following results for ¢ = ﬁ:
Diy1/220
(B£Q"+ Di+1/2)2 <cDjitqy2-

This leads to Df+1/2+(2(Q* +B)—c)Djy1/2+(Q* +B)? < 0. By setting k; = Q*+B and ks = Q*—B
we get two different quadratic inequalities that need to be satisfied for D; 4 /s:

D} 1o+ (2k1 — €)Digyyo + k7 < 0 and D}y, o + (2ky — ¢)Dig12 + k3 < 0.

The necessary restrictions for the existence of a solution are ¢ > 4k; and ¢ > 4ks. This mean that
Q* £ B <c¢/4,iec>4Q* or

At™ 1

= < __ -

Axr ~ 4K3Q*
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Figure 4: The effect that the geometry of the solution and the movement of the nodes have on M;
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Figure 5: Numerical experiments with the local LxF scheme (29) with parameters CFL=0.8, N=200,
K=1, pw=0.097, t=0.15. Sub-figures (a) and (b) correspond to the uniform mesh case and sub-figures
(c) and (d) to the adaptive mesh case. In every sub-figure, the first graph is the numerical solution,
and the second the corresponding “inequality”. In this test case both the uniform and the adaptive
versions of the scheme are free of oscillations and the corresponding inequalities carry the proper sign.
It is to note however that the discontinuity is resolved in the adaptive mesh case in over a much
smaller domain.
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Figure 6: Numerical experiments with the FTCS
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scheme (30) with parameters CFL=0.5, N=200,
the numerical solution (first graph in every sub-
figure) along side with the inequality (second graph in every sub-figure). The uniform mesh case
exhibits spurious oscillations due to the anti-diffusive nature of the FTCS scheme; the corresponding
hand, the adaptive mesh case is free of oscillations

and the sign of the inequality is the correct one along the shock.
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Figure 7: Numerical experiments with the LxW scheme (31) with parameters CFL=0.8, N=200, K=1,
pw=0.097, t=0.15. The oscillations that appear in the uniform mesh case are in this case due to the
dispersive nature of the LxW scheme; the sign of the inequality is the wrong one. At the same time
the adaptive mesh case is clean of oscillations and the sign of the inequality is correct along the
discontinuity of the solution.
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