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Chapter

1

Introduction

In this part, we consider the conservation laws with discontinuous fluxes described in eq. (1.1). Here,
u: R x [0,00) — R is the unknown scalar quantity, f(k,z): R? — R is the flux function. The function
k: R — R is a spatially varying co-efficient which can exhibit discontinuity in the spatial domain x.

uy: R — R is the initial datum for the problem at time ¢ = 0.

ou__ 0f(k(a),u)

9 o =0, z€Rand t>0 (1.12)

u(z,0) = uy(z), x€R (1.1b)

Conservation laws with discontinuous fluxes as described in (1.1) are of great interest in several areas of
physics and engineering. In particular, they arise in modeling traffic flow on highways with changing road
conditions [LW55], polymer flooding in oil recovery [She17], two-phase flow through heterogeneous porous
media [GR92; GR93; RT91] and sedimentation processes [Biir+03; Die9é].

Even in the absence of flux discontinuities, solutions of (1.1) develop discontinuities in finite time and
for this reason, weak solutions are sought. Weak solutions to (1.1) are not unique, hence, we use additional
entropy conditions. Forasmooth z — f(k(x), u), the uniqueness follows from the classical Kruzkov entropy
conditions.

In the presence of spatial flux discontinuities, Kruzkov entropy conditions are not enough. This difficulty
is usually resolved by requiring that the Kruzkov entropy conditions hold away from the spatial flux discon-
tinuities and imposing additional jump conditions along the spatial interfaces [AKR11; GR91; KR95] or by
adapting the Kruzkov entropy conditions in a suitable way [APos5; B]97; PT18; Ruf24; Tow20].

In the last two decades, there has been a large interest in the numerical approximation of entropy solutions
of (1.1) under various assumptions on the flux function f and the co-efficient k. We refer to [Towoo] for
a partial list of references regarding finite volume methods and the front tracking methods respectively.
Specifically, in the adapted entropy framework, we want to highlight the results of [BR20; G]T20; Tow20]
and [BJ97; PT18; Ruf24] regarding finite volume methods and front tracking methods.

The classical paradigm for designing efficient numerical schemes assumes that data for (1.1) are known
exactly. In particular, the assumptions is that the values of u, the flux f and the spatial dependency co-
efficient k are known exactly. However, in many situations of interest, there is an inherent uncertainty
in the data due to uncertainty in experimental data. For example, in the case of two-phase flow through
heterogeneous porous medium, the position of the interface between two rock types is typically not known
exactly. Often, these parameters are only known up to certain statistical quantities like the mean, the variance
and the higher moments.

The primary objective of the work done in this part of the thesis was to develop a fast and robust numerical
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algorithm for quantifying the uncertainty in the solutions of (1.1) due to random data. First, we need to find
a useful setting in which the solution to the underlying deterministic problem satisfies the requirements for
an uncertainty quantification framework to exist. In particular, we need to ensure that the solution exists, is
unique, and is stable with respect to the modeling parameters. We also need to ensure that that there exists
numerical method used to solve the deterministic problem has a provable convergence rate.

Subsequently, we need to develop a mathematical framework for quantifying the uncertainty in the
for quantifying the uncertainty in the solutions. Finally, we need to develop the numerical algorithm for
approximating the mean of the random entropy solution, prove that it is convergent and quantify the
computational cost of the algorithm.

The setting that we have chosen for the deterministic problem is the conservation law (1.1) where the
flux function f: R? — R is assumed to be a smooth function, f(k,u) € €*(R?; R) with the additional
condition that D, f > « > 0 for all u. The co-efficient k: R — R is assumed to be a piecewise constant
function with finitely many discontinuities in the spatial domain and the initial datum u,(z) € (L N
BV)(R).

We want to emphasize that, to our knowledge, the framework of adapted entropy solutions and more
specifically the setting of (1.1) is currently the only setting for conservation laws with discontinuous flux where
we simultaneously have existence[Tow20], uniqueness[APos], stability [Ruf24] and provable convergence
rates for the numerical methods [BR20].

The rest of the part is organized as follows. In chapter 2, we lay out the setting for the deterministic
problem (1.1) and prove that all monotone finite volume methods with the upwind property which obey the
discrete Rankine-Hugoniot condition across the discontinuities of k converge at a rate of v/Az to the unique
entropy solution of the conservation law (1.1).

In chapter 3, we develop the mathematical framework for quantifying the uncertainty in the solutions
of conservation laws with discontinuous flux with random discontinuous spatial dependency. And, then
we develop a multilevel combination of Monte Carlo (MC) sampling and a pathwise Finite Volume Method
(FVM) method to approximate the mean of the random entropy solution. We prove the convergence rates for
the Monte Carlo finite volume method (MC FVM) and multi-level Monte Carlo finite volume method (MLMC
FVM) methods and optimize the MLMC FVM method.
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2

Discontinuous Flux

In this chapter, we sketch the arguments of [BR20] (linked here) and prove that all monotone finite volume
methods for scalar conservation laws with discontinuous flux, which have the upwind property and obey the
discrete Rankine-Hugoniot condition across the discontinuities, converge at a rate of v/Az to the unique
entropy solution of the conservation law.

In Section 2.1, we lay out the setting in which we want to solve the problem. Then, we describe the numerical
scheme that we use to solve the problem in Section 2.2. In Section 2.3, we use the Rankine-Hugoniot
condition at the discontinuities to show that solving the problem is equivalent to solving a decomposition of
the problem into finitely many initial-boundary value problems.

In Section 2.4, Section 2.5 and Section 2.6, we prove convergence rates for each of the three kinds of
initial-boundary value problems that we find in the decomposition. Here, the novel aspect of our proofis
the strong bound on temporal total variation of the finite volume approximation. The strong bound allows
us to estimate the boundary terms at the discontinuities that appear when applying the classical Kuznetsov
theory to the problem. Finally, we use the translation invariance of the problem to combine the results for all
the initial-boundary value problems to prove the main result in Section 2.7. We validate the main result by

conducting numerical experiments in Section 2..8.

2.1. TheProblem Statement

We consider the conservation law (2.1)

8u + 8f(]€(£l)), u)

Bt 5 =0, z€Rand ¢t>0 (2.12)

u(z,0) = uy(z), x€R (2.1b)

where the flux function f: R? — R is smooth, thatis, f(k,u) € €?(R?; R) with the additional condition
that it is strictly monotone D, f > a > 0 for all u. The co-efficient k: R — R is a piecewise constant
function with finitely many discontinuities in the spatial domain. The initial datum is integrable, bounded
and of finite total variation, that is, uy(z) € (L N BV)(R).

We assume that there are N discontinuities of k denoted by §, < &; < -+ < £y — 1. The interval between
two adjacent discontinuities is denoted by D, = (§;,§;,,). We fix§, = —ocoand {5_; = oco. k; is the
constant value of k on the interval D,. Due to the piecewise constant nature of k, we can define the set of
functions f*) asin (2.2). Furthermore, due to the strict monotonicity of f, we can define the inverse function
(fH ' forallu € R,

) = f(k;,u) foruc Randi=0,1,..,N 2.2)
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We define the function H,(u) over the domain D, as in (2.3). The function H,(u) is motivated from what an
adapted entropy function would be for a conservation law where the discontinuities are at the boundary of
the domain D,.

H,(u /T / — el sgn (u—c) (F () = £ (c)) ¢, ] dade
0
ot

lu(z, T) c]gmedx—i—/uO ) — ¢l oz, i)dz

i ’L

(2.3)

sgn (u (§r410t) — ) 7 (&0 0) = ()] @ (€ t)

sn (u(60) — ) [ (€l 6) = £ (e)] w0

Definition 2.1 (Entropy Solution). We say that u € C°([0, 00); L>°(R)) is an entropy solution of (2.1), if for
all ¢ € R and for all non-negative p € C°°(R x [0,T), the entropy solution satisfies (2.4).

N
ZHl(u, ¢;) >0 (2.4)
=0

Cp=c¢ ci+1:<f”1) (fi(¢;)) fori=0,1,..,N—1 (2.5)

Theorem 2.1 (Existence and Uniqueness of Entropy Solution). Due to [B]97] and [APos5], there exists a unique
entropy solution u € C([0, 00); L*(R)) of (2.1) in the framework of adapted entropies.

Theorem 2.2 (Rankine-Hugoniot Condition). Due to [AKR11, Remark 2.3], we can show that there exists strong
traces u(&;) of the entropy solution u at the discontinuities ¢; and that they satisfy the Rankine-Hugoniot
condition across §; which gives us (2.6). We will later use the this result in Section 2.3 to decompose the
problem into finitely many initial-boundary value problems.

F ) = (wE,t) i=0,1,..,N 2.6)

2.2. The Numerical Scheme

We discretize the domain R x [0, T'] using the spatial and temporal grid discretization parameters Az and
At respectively. The resulting grid cells thenare C; = [z;_ 5,74 5] and C" = [t,,_;,1,,) respectively for
g1 suchthatxﬂ% —T1= Axforallj € Zandt, —t, ; = Atforn=0,1,...,M + 1. The
final time of simulation 7'is then given by T" = (M + 1) At. Further, we denote the spatio-temporal domain
C; x C"by C7.

Without loss of generality, we can assume that the grid is uniform on the whole real line. Furthermore,

points x

we can assume that grid is aligned in such a way that the discontinuities of k lie on the cell interfaces. That is
& = P,_1 for someintegers P,,i = 1,2, ..., N.
2
We will consider two point numerical fluxes F'(u, v) that have the upwind property such thatif D, f > 0,

then F(u,v) = f(u). The upwind flux, the Godunov flux and the Engquist-Osher flux are some of the
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example of such fluxes. We are now ready to define our numerical scheme.

Definition 2.2 (Numerical Scheme). Given a discretization as mentioned above, we define the numerical
schemeasin(2.7)foralln > 0and0<: < N —1

utt =l = X[ (uf) = S (ur )] Pi<i< Py (2.72)
u? = Aim /Cj uy(x)dx JEZ (2.7b)
= () (0 () 010
where A = %. We assume that the time step satisfies the CFL condition
mﬁxmjx((fm)/(u)) A<1 (2.8)

Note that the (2.7¢) represents a discrete version of the Rankine-Hugoniot condition in (2.6). Here, we use
the ghostcells Cp ,i = 1,2, ..., N'to explicitly impose the Rankine-Hugoniot condition. While this makes
the numerical scheme (2.7) non-conservative, the convergence result in the paper, coupled with the fact that
the limit is conservative, shows that the contribution of the non-conservative part of the scheme vanishes in
the limit.

2.3. Decompositioninto Simpler Problems

As mentioned earlier, one of the main ideas of the proof is to decompose the problem into finitely many
initial-boundary value problems. In particular, the entropy solution u of (2.1) can be decomposed as

N
u = Z u'®) where u) & ulp 0,1 (2.9)
i1

such that u'? solves the initial-value problem

ot + oz

=0 (xz,t) € Dy x (0,T) (2.102)

ul® (z,0) = uy(z) x € Dy (2.10b)

and u'" solves the initial-boundary value problem

ot + ox =0 (Q?,t) € Dz X (OaT) (2.112)
u' (z,0) = uy(z) reD; (2.11b)
uD (gl ) = <f<i))7l (f(Fl) (U(ifl) (f{;t))) te(0,7) (2.11¢)

Conversely, we can show that if u(®) and u i =1,2,..., Narethe entropy solutions of (2.10) and (2.11)
respectively, then u as defined in (2.9) is the entropy solution of (2.1). Furthermore, the numerical scheme

defined in Section 2.2 when restricted to the subdomain D, is will converge to the entropy solution «*) on
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D,. The discrete Rankine-Hugoniot condition will then allows us to break down the problem of finding the
convergence rate on the whole real line to finding convergence rates on each of the subdomains D,.

If we look at the subdomains D,, we see that there are three types of subdomains: D,,, Dy and D, for
1 < i < N —1. Without loss of generality, we can assume D, = R~ with discontinuityat{ =0, Dy = R*
with the discontinuity at z¢ = 0, and D, = [0, L] with discontinuity at i = 0. This is because we can always
translate and scale the problem to fit this setting. In the next sections, we prove the convergence rate of the

numerical scheme (2.7) on each of the subdomains R~, R* and [0, L].

2.4. Case1:Convergenceon R~

For the case of R™, we consider the initial value problem Equation (2.12). Here, the function flux function
f € C? and is strictly monotone, thatis f’(u) > o > 0 forallu € R.

ou  Of(u) _
E + e 0 (x,t) € R™ x (0,7T) (2.122)
u(z,0) = uy(z) reR™ (2.12b)

The numerical scheme that we use to approximate the solution of (2.12) is given by

u;.”l = u;‘ —A [g (u?) —g (uyfl)] 71<0,n>0 (2.133)
ug = Aix /uo(:c)d:c j<0 (2.13b)
c

Definition 2.3 (Entropy Solutions on R~ ). We say that u € C([0, T]; L*(R™))NL>((0,T), R™)is an entropy
solution of (2.12) if for all ¢ € R, u satisfies (2.14) for all non-negative ¢ € € (R~ x [0,T)).

/T/ [|u—clg—f+|f(u)—f(6)|g—i] dxdt—/|u(x,T)_C| oz, T)d

0 R- (2.14)

e
T

+ [ lug(z) —cfp(z,0)dz — [ |g(u(07,t)) —g(c)| (0, t)dt >0

J* [

Based on the definition of entropy solutions, and following classical Crandall-Majda arguments in [CM80,
Proposition 4.1], we can show that the numerical scheme satisfies a discrete entropy equality (2.152) away

from the spatial boundaries.

Dinl+D g} <0 n>1,j<0 (2.152)
0= lul — | g} = |f(ul) = f(c)] (2.15b)
ntl _ gn a’ — a1
t n __ J J n __ J J
D+aj S va— Dfaj iy v (2.150)

Then, we can prove a Kuznetsov-type lemma Theorem 2.3 for the solution u
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Theorem 2.3 (Kuznetsov-type Lemma). Let u be the entropy solution of (2.12). Then, for any function
v: [0,T] — (L' N BV)(R™) such that the one-sided limits v(¢*) exist in L', we have (2.16) for some
constant C'independent of € and €.

Jul, T) = v Tl gy

< [ [ la(e© 0 0.9) + a0 0) uty9)] (0.t 5)drdyes
0 R- 0

(2.16)
+llug = v 0 prm) = Aese, (V5 )
+C |:€ + €o + (v, €9) + vo(v,€g) + p (v(-, T), €) + p (v(-, 0), e)}
p(z,t,y,s) = w(z —yw, (L —s) (2.173)
T
Ae,eo (’U, ’LL) = / / L(uv U<y7 S)v @(7 Y, 8>)dyd8 (2"17b)
0 R-
Vt(wa 6O) = |S|up ”w<7 L+ O') - w(’? t)HLl(]R*) (2.17¢)
o|<eg
/,L(U)(, t)7 6) = |Sl‘lp Hw( +z, t) - U)(-, t)HLl(R*) (2"17d)
z|<e

The term A, (v,u) in (2.16) can be estimated by the inequality (2.18) where C'is a constant which is
independent of Az, At, ¢, and ¢,.

A (v,u) <C <Aa: + Az + g) (2.18)

€ €

Combining the results, we can state our convergence result

Theorem 2.4 (Convergence Rate on R ™). Let u be the entropy solution of (2.12) and u , be the solution of
the numerical scheme given by (2.13) where A is a constant. Then the error estimate for the numerical
approximation is given by (2.19) where C'is a constant independent of Ax.

lu(-, T) = upi (T prr-y < C(Az)2 (2.19)

2.5. Case2: Convergenceon R™

For the case of convergence on R ™, we consider the following initial-boundary value problem

s + e 0 (z,t) e RT x(0,7) (2.20)
u(z,0) = uy(z) reR* (2.21)
u(0,t) = f1(g(u(0%,t)) te(0,7) (2.22)
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and the numerical scheme

u}”l :u;.l—)\ [f(u?) —f(u?fl)] j>1,n>0 (2.23a)
u? = Aix ug(x)dx j>0 (2.23b)

oF
up = (g (™)) n>1 (2.23¢)

where the boundary data is given in terms of u(0, —, ¢) and u™ | respectively. Not that again we have a

discrete entropy inequality of the form

Din;? +D_gy <0 j>1,n>1 (2.24)

Definition 2.4 (Entropy Solution on R ). We say u € € ([0, T]; L'(R")) N L>°(R™ x (0,T)) is an entropy
solution of (2.20) if for all ¢ € R, w satisfies (2.25) forall ¢ € €*° ([0, 00) x [0,T]).

/T / [‘“‘C'%f+ () = f(e) g—ﬂ dedf — / Ju(a, T) = | (x, T)dw

0 R- (2.252)

J
T

[ ug(@) — el o, 0)dz — [ |g(u(0%,8)) — g ()] #(0,1)dt > 0

R/ ¥ 0/’9 g(0)

fuw(07,t)) =g(u(07,1t)) for almost every t € (0,7) (2.25b)

Before we can prove the convergence rates, we need two auxiliary lemmas that are the consequences of

the monotonicity of the flux.

Lemma 2.1 (Temporal Variation Bound). If the numerical scheme (2.23) satisfies the CFL condition (2.8), then
the temporal variation of the numerical solution is bounded, specifically, for every j € Z, we have

M
n+1 n
>t = < CTV(w) (2.26)
n=0
where TV (u, ) refers to the total variation of u on the whole real line.

Lemma 2.2 (Lipschitz Continuity). Given an entropy solution u of (2.20), f(u) is Lipschitz continuous in
space, in the sense that

T

[ 17t = Flal )] de < Clo— | forallay e RY .27
0

Theorem 2.5 (Kuznetsov-type Lemma). Let u be the entropy solution of (2.12). Then, for any function
v: [0,T] — (L* N BV)(R™) such that the one-sided limits v(t*) exist in L', we have (2.16) for some

10
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constant C'independent of € and ¢,.
Ju(-, T) = v( T)l 11w+

T T
< + / // {q (u (0%,¢) ,v(y, s)) +q(v(07, 1), u(y, s))} ©0(0,t,y, s)dtdyds

0 R+ 0 (2.28)
+ [lug — (-, O)HLI(R+) — A, (v, u)
+C [6 +ée+ VT(U7 60) + VO(”; 60) T (U('aT)v 6) +p (’U(', 0)7 6)]
p(x,t,y,8) = w(r —y)we (t —5) (2.29)
T
A, (v,u) = //L(u,v(y, 8), (9, s))dyds (2.29b)
0 R-
v(w,e) = sup |lw(-,t+0) —w(-, )| g (2.29¢)
lof<eq
p(w(- 1), €) = sup lw(- +2,t) —w(-, D) 1 (r-) (2.29d)
z|<e

Lemma 2.3. Following the same method as for Section 2.4, we can prove the estimate (2.30) holds for some

constant C'independent of Az, At, e and ¢,.

Ax  Ax At
) (2.30)

—A . (UAt,U)§C<A:E+—+_+_
»C0 P 60 60

Theorem 2.6 (Convergence Rate on R™). Let u be the entropy solution of (2.20) and u, be the solution
of the numerical scheme given by (2.23) where A is a constant. Then the error estimate for the numerical

approximation is given by (2.31) where C'is a constant independent of Az.

|u(-, T) — UAt(‘aT)HLl(R+) < C(Az)2 (2.31)

2.6. Case3: Convergenceon [0, L]

Due to the monotonicity of the fluxes, by restricting the solution w and the numerical approximation u 5, to
the interval [0, L], we can apply the results of Section 2.5 to obtain the following to yield the convergence
rateon (0, L).

Theorem 2.7 (Convergence Rate on (0, L) ). Let u be the entropy solution of (2.20) on the bounded interval
[0, L] and u 5, be the solution of the numerical scheme given by (2.23) where ) is a constant. Then the error
estimate for the numerical approximation is given by (2.32) where C'is a constant independent of Az.

Jul,T) = upe( Tl o,y < C(Az)? (2.32)

2.7. TheMainResult

Combining all the results on the three difference cases of R™, R" and [0, L], and using the invariances of

the conservation laws, we can prove the main result of the chapter.

11
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Theorem 2.8 (Convergence Rate on R). Let u be the entropy solution of (2.1) and u,, be the solution of
the numerical scheme given by (2.7) where X is a constant. Then the error estimate for the numerical

approximation is given by (2.33) where C'is a constant independent of Az.

[ul-,T) = tpy Tl ey < C(Aa)? (.33

2.8. Numerical Experiments

To illustrate our results, we now present experiments considering the two flux case:

ou 0

-E+5ﬂH@ﬂm+O—H@MW):0 (@,t) ER x (0,T)  (2.34)

u(z,0) = uy(z) reR (2.35)

2.8.1. Numerical Experiment1

In our first numerical experiment, we choose g(u) = wand f(u) = u?/2, such that we switch from the

transport equation to the Burgers equation across z = 0. The initial datum we consider for the experiment

is

0.5 ifr<—1
uy(z) = i (2.36)

which is chosen such that the Rankine-Hugoniot condition at z = 0 gives u(0~,¢) = u(0", t) before the
jump at x = —0.5 interacts with the interface. Figure 2.1 shows the numerical solution calculated with the
scheme with open boundaries in blue and the initial datum in gray (dashed line) at various times (before,
during, and after interaction with the interface). We used Deltaxr = % withn = 64, end time T = 0.9,
and A = 0.5. We clearly recognize the characteristic features of the transport equation and the Burgers
equation here as the upward jump in the initial datum is transported to the right as a shock until it crosses
the interface at x = 0 where the shock, as it enters the Burgers regime, subsequently becomes a rarefaction

wave.
2| R 1 a2l ey 1 2f e
1] E 11} E 1o E
0.5} ' 1051 ' 1050 '
| | | | | | | | |
-1 0 1 -1 0 1 -1 0 1
@t =0.3. (b)t = 0.6. (©t=0.9.

Figure 2.1.: Numerical solution of Experiment 1 with Az = 634 at various times.

12
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2.8.2. Numerical Experiment 2

2
In our second numerical experiment we choose g(u) = “7 and f(u) = wu such that we switch from the
Burgers equation to the transport equation across = = 0. The initial datum is

ug(z) = 2 + exp(—100(z + 0.75)).

Again, the offset of the initial datum is chosen in a way such that the Rankine--Hugoniot conditionat z = 0
gives u(0—, t) = u(0+, t) before the non-constant part of v, interacts with the interface. Figure 2.2 shows
the numerical solution calculated with the scheme (2.7) with open boundaries in blue and the initial datum
in gray (dashed line) at various times (immediately before, during, and after interaction with the interface).
We used Az = % withn = 128, end time 7" = 0.5, and A = 0.2. We clearly recognize the shock formation
due to the Burgers regime to the left of the interface (see Figure 2.2 (a)). Note that -- although difficult to

see in Figure 2.2 (c) because of numerical diffusion -- the shock is preserved over the interface (only with a

different profile).
30 . 13 . 13 :
2p %5 1 2f ——---} 1 2f ———~+--3 |
| | | | | | | | |
—1 0 1 —1 0 1 —1 0 1
@t=0.2. byt =0.3. (©t=0.5.

Figure 2.2.: Numerical solution of Experiment 2 with Az = % at various times.

Table 2.1 shows the observed convergence rates of the solution at time 7" = 0.9 for Experiment 1 and
attime T' = 0.5 for Experiment 2 for various values of Az. As a reference solution, we used a numerical
solution on a very fine grid (n = 2048) in both cases. As expected from experience in the case of spatially

independent flux we observe convergence rates strictly between % and 1 (cf. e.g. [LeVoz2, clawpack software]).

n L' error L' 00cC n L' error L' ooC
16 1.751 x 107! -- 16 2.771 x 1071 --
32 1.256 x 1071 0.48 32 1.823x 1071  0.60
64 8.865x 1072  0.50 64 1.261 x107'  0.53
128 5918 x 1072 0.58 128 8390 x 1072 0.59
256 3.637 x 1072 0.70 256 5.125 x 1072 0.71
512 1.978 x 1072 0.88 512 2.780 x 1072 0.88
1024 8145 x 1072  1.28 1024 1.132x 1072  1.30

Table 2.1.: Convergence rates of Experiment 1 and 2.
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2. Error Estimates for Monotone Schemes for Discontinuous Flux

2.9. Conclusion and Future Work

Scalar conservation laws with discontinuous flux frequently occur in physical applications and several
numerical schemes have been considered in the literature. In contrast to the case where the nonlinear flux
does not have a spatial dependency, however, convergence rate results for monotone finite volume schemes
have not been available until now.

In this paper, we have established a convergence rate for upwind-type finite volume methods for the case
where fis strictly monotone in u and the spatial dependency k is piecewise constant with finitely many
discontinuities. The central idea of this paper is to split the problem into finitely many conservation laws
between two neighboring discontinuities of k and get a convergence rate as a consequence of convergence
rates on bounded domains. Here, the novel feature of this paper is the strong bound on the temporal total
variation of the finite volume approximation which allows us to estimate the boundary terms in space at the
discontinuities of k that appear when applying the classical Kuznetsov theory to (2.1)

As an outlook we name four possible directions of future research. One can extend the convergence rate
result of this paper to the cases where k is not piecewise constant and f is not monotone. Second, it might
be interesting to investigate convergence rates of monotone schemes in the Wasserstein distance. A third
direction of future research might be to see whether the results of this paper can be extended to monotone
schemes in conservation form. Lastly, convergence rates of the front tracking method for conservation laws

with discontinuous flux are highly desirable as well.
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Chapter Multi-level Monte Carlo Methods for Discontinuous

3

Flux

In this chapter, we sketch the arguments of [Bad+21] (linked here)and propose and analyse a single- and
multi-level Monte Carlo method for random conservation laws with discontinuous fluxes. In Section 3.1, we
introduce the concept of random entropy solutions and prove the existence and uniqueness of the random
entropy solution. In Section 3.2, we introduce the Monte Carlo method for the random conservation law. In
Section 3.3, we introduce the multi-level Monte Carlo method for the random conservation law. In Section 3.4,
we estimate the work required to achieve a given accuracy. In Section 3.5, we optimise the sample numbers

required to achieve a given accuracy. In Section 3.6, we present numerical experiments to validate the theory.

3.1. Well-Posedness of the Random Problem

Ou(w; x,t) N Of (w; k(w; ), u(w; z, 1))
ot ox
u(w;x,0) = ug(w; ) werelR (3.1b)

=0 weNreR te R (3.1a)

We consider the random version of the deterministic conservation laws (2.1) where the initial datum, the
flux function and the discontinuous spatial dependency are subject to randomness. The random quantities
of the initial datum, the flux function and the discontinuous spatial dependency are collectively referred to
as the random data for the random conservation law (3.1) and are defined by (3.1).

Definition 3.1 (Random Data). Given constants Cry, F'y € R, ain(0,00), N, € Z and given a rectangle
R, x Ry C R? let D be the Banach space

D = (BVNL>®)(R) x L(R) x C*(R; R) 3.2)
endowed with the norm
ICuags ks £l = Tl s sy + TV (ttg) + Nt o ) + Il e ) + o2z 6.3

We say that a strongly measurable map (u, &, f) = d, (ug, k, f): (2, F) — (D, B(D)) is arandom data
for the random conservation law (3.1) if for P — a.e.w,

ug(w; ) € Ry k(w;x) € Ry fora.e.z € R (3.42)

ug(w), f(w), k(w) satisfy the assumptions in Section 2.1 (3.4b)

15



3. Multi-level Monte Carlo Methods for Discontinuous Flux

TV(uy(w)) < Cry < 00 where Cry is a constant independent of w (3.40)

I f(w; s Mezrr) < CfF < 0 C';is a constant independent of w 3.4d)
k(w; -) has at most N, discontinuities (3.4€)

D, flwk,u) >a>0 and f(w; k,0) =0 forall (k,u) € R 3.4

Having defined the random data, we now define the random entropy solution of the random conservation

law (3.1).

Definition 3.2 (Random Entropy Solution). Given random data d: 2 — D, we say that a random variable
u: Q — C([0,T]; L*(R)) is a random entropy solution of the random conservation law (3.1) if forall p € R
and P — a.ew € Q, u(w) satisfies (3.5) for all non-negative p € C°(R x [0, 7).

T
// [|u(w; z,t) — c,(w; )| (Z—f + O (w; u(w; x,t))] dadt
0 R 3.5)

— / lu(w; 2, T) — ¢, (w; )| p(z, T)dx + / |ug(w; z) — ¢, (w; )| p(x,0)dz > 0
R R

Here, we have used the notation
Q(w;ug, k, f) = sgn(u — cp(w;:c)) [f(w; k(w;z),u(w;z,t) — f(w; k(w; x), cp(w; 33))] (3.6)

There are multiple notions of uniqueness for solutions in probability spaces. For this particular scenario,
we are interested in pathwise uniqueness of the random entropy solutions, which we define in Definition 3.3.

Definition 3.3 (Pathwise Uniqueness of Random Entropy Solutions). If d; and d, are two random data and
u; and u, are the corresponding random entropy solutions to the random conservation law (3.1), then
pathwise-uniquness means that the implication (3.7) holds.

P(dy=dy) =1 = Puy =uy) =1 3.7)

Given the definitions, we can now prove the existence and pathwise-uniqueness of random entropy
solutions to the random conservation law (3.1). The existence proof is based on the fact composition of a
Lipschitz function with a strongly measurable function is strongly measurable. The pathwise-uniqueness

proof also uses the Lipschitz-continuity property of solution.

Theorem 3.1 (Existence and Pathwise Uniqueness of Random Entropy Solutions). Let d: {2 — D be an instance
of random data. Then there exists a unique random entropy solution u: Q — €([0,T]; L' (R)) to the

random conservation law (3.1) which is pathwise unique.

Lemma 3.1 (Uniform Bound on L™ Norms of Random Entropy Solutions). Let (u, k, f be random data and
D C R be abounded interval. Let furtheru, € L"(2; L°°(D)), for some 1 < r < oco. Then the random
entropy solution u of 3.1) isin L"(€2; C([0,T']; L"(D))) forall 1 < p < oo and satisfies the uniform bound
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3.2. The Monte-Carlo Method

3.8)forall0 <t < T

HUHLT(Q;LP(D) < CH”OHLT(Q;LOO(D)) (3.8)

3.2. TheMonte-Carlo Method

We now describe the Monte-Carlo method for approximating the expected value of the random entropy

solution of the random conservation law (3.1).

Definition 3.4 (The Monte-Carlo Finite Volume Method). Given M € N, we generate M independent and
identically distributed sample fi, %i, &é fori = 1,2,..., M of the random data f,k,u,. Let now uix,
i =1,2,..., M denote the numerical solutions generated the finite volume method Equation (2.7) at time .
Then, the M-sample MC FVM approximation to E[u(-, )] is given by

M
=1
By using a combination of triangle inequality and Holder's inequality, we can show that the Monte-Carlo

approximation (3.9) satisfies the error estimate (3.11).

Theorem 3.2 (MC FVM Error Estimate). Let (u, k, f) be random data and u the corresponding random
entropy solution of (3.1). Assume that u,, satisfies the r-th moment condition

”u()”LT(Q;LOO(D)) < o0 (3.10)

for some 1 < r < oo. Then, foreach1 < p < 00,0 < t < Tand for ¢ = min(2,r) > 1, the MC FVM
approximation satisfies the error estimate (3.11)

1
—q

1 1-= 1
<C [M ‘ HUOHLr(Q;Lw(D)) + ||U0HLT(I;);L00(D)> Azzr| (3.11)

[ [, 8)] = Ba [usut,0)]

Lr(Q;Lr(D))

In particular, the MC FVM approximation converges to the expected value E[u(-, )] in LY(Q; LP(D)) as
M — oo and Az — 0.

3.3. The Multi-Level Monte-Carlo Method

Instead of just considering Monte-Carlo samples of a single fixed resolution of the finite volume method, we
now detail the corresponding multi-level variant, the MLMC FVM method. The key ingredient of the MLMC
FVM method is the simultaneous MC sampling on different levels of resolution of the finite volume method

with level-dependent numbers M, of MC samples.

Definition 3.5 (The multi-level Monte Carlo (MLMC) Method). Given a sequence of meshes with mesh sizes
Az, 1 =0,1,..., L, we define an L-level MLMC FVM approximation to E[u(-, )] by (3.12).

L
E" ()] = 3 By, [ung, (+8) — g, (1] 3.12)
=0

E,,, denotes the MC approximation (3.9) with M, samples on the mesh with size Az;.
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3. Multi-level Monte Carlo Methods for Discontinuous Flux

Using a similar, but slightly more involved, argument to the one in the proof of Theorem 3.2, we can show

that the MLMC FVM approximation (3.12) satisfies the error estimate (3.14).

Theorem 3.3 (MLMC FVM Error Estimates). Let L > 0, (uy, k, f) be random data and u the corresponding

random entropy of (3.1). Assume that v, satisfies the r-th moment condition

ol ;00 () < 00 (3.13)

for some 1 < r < co. Then foreach 0 < ¢t < T, for any sequence (Ml)leo of sample sizes at mesh level /, the
MLMC FVM approximation satisfies the error estimate (3.14) for ¢ = min(2,7) > 1

|E [u(-,t) — X [U(,1)] HLq(Q;Lp(D))

11 1 1g 11 L 1g 1 (3.14)

b 2p q P q 2p
<C HUOHLl(Q;LOO(D)) A‘TCL + HUOHLQ(Q;LOC(D)) MO + HuOHLfI(Q;LOO(D)) Z Ml AQUl
=0

Here p = max(p, q). In particular, for fixed L, the MLMC FVM approximation E* [u(-, )] converges to
the expected value E[u(-, t)] in LY(Q; LP(D)) as Az, — 0and M; — oo.

3.4. WorkEstimates

In order to analyze the efficiency of the MC and MLMC methods, we need to estimate the computational
work required to achieve a given error tolerance and how it scales with the mesh size, the number of samples
and the number of levels. Here, by computational work, we mean the number of floating-point operations
performed when executing the algorithm. Before proceeding with the work estimates for the MC and MLMC
methods, we need to establish the computational work required to solve the finite volume method for a

deterministic problem.

3.4.1. Work Estimate for the Deterministic Problem

For a finite volume method, we assume that the computational work required to solve the deterministic
problem is a constant C'for each grid cell. Assume that the grid cell has the size Az. Then the total number
of grid cells and the total number of time steps scale as Az ~?. Therefore, computational work required to

solve the finite volume method on a mesh with cells of size Az is then given by (3.15).
WIM(Az) = CAz 2 (3.15)

For the sake of generality, we assume that the computational work instead scales as Az~ for some w > 0.

As we have seen in eq. (2.33), we have the L convergence rate estimate given by (3.16) for s = %

lu—upglpop) < CAZ> (3.16)

Combing the two results, we can estimate the error in terms of computational work by (3.17).

lt = tngll oy < C(WFM) " wr (3.17)
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In particular, forp = 1, w = 2,and s = %, we have
_1
lu — uAac”Ll(D) < C(WFVM) * (3.18)

3.4.2. Work Estimate for the Monte Carlo Method

Since M deterministic solutions are required to compute the MC approximation, the computational work

required to compute the MC approximation is given by (3.19).

WME(M) = CM Az~ (3.19)

1-g s
In order to obtain an error estimate for the MC approximation, we equilibrate the terms M « and Ax»
L . . . . .
in 3.11) by choosing M = C'Ax (-9, Inserting this into (3.19), we get the work estimate in terms of error
by (3.20).

q

IE [u( )] = Enrluns (Ol pagypopy < C(War) 77T (3-20)

In particular, forp = 1,7 > 2,w=2and s = %, we get the error estimate in (3.21).

|E [u(-,8)] — Ey [qu('vt)ML?(Q;Ll(D)) <C(Wyo) e 3.21)

3.5. Sample Number Optimization

Instead of computing a generic error estimate for the MLMC method, we can instead use the optimization
result from [Kol+13] and directly compute the optimal number of samples for the MLMC method, and
therefore the optimal computational work estimates.

Theorem 3.4 (Optimal Number of Samples for the MLMC Method [Kol+13]). Assume that the work of a MLMC
FVM method with L discretization levels scales asymptotically as

L
WMME(1) — C Z M Az (3.22)

1=0

for some w > 0 and that the approximation error scales as
&, =C AxL? + Mg_q + Zl = OLMll_qAa:F} (3.23)

where p = max(p, ¢). Then, given an error tolerance ¢ > 0, the optimal sample numbers M; minimizing

the computational work, given the error tolerance ¢, are given by (3.24).

s L y(pat )]t
L+ Azg Y (v =3) 1"
M, =~ =1 (3.243)

59

P
e—Ax;
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3. Multi-level Monte Carlo Methods for Discontinuous Flux

5, w

My~ MyAzz 2 (575) (3.24b)

where =~ indicates this is the number of samples up to a constant which is independent of [ and L. The

minimal amount of work then is

i L l(wQ;l—£> a1
s L wa=t_= 1+Ax022 v
WII\IALMC ~ Ay |1+ A/ 22 (“’T7> lzls_q — (3.25)
=1 e—Az;2 "y

Corollary 3.1. In addition to assumptions of theorem 3.4, if we assume that w% — 2 > 0 and that L and

Ax are large enough such that

q

Az? T s Az (3.26)

»
L
. Then foreach 0 < t < T'and for ¢ = min(2, r), the L(Q); L?(D))-approximation error of the MLMC FVM

method scales with respect to the computational work

s

(.,t)]||Lq(Q;Lp(D)> < O (WMMe) wpreBE L (3.2)

|E[u(-, )] — E* [U

3.6. Numerical Experiments

In this section, we present numerical experiments motivated by two-phase flow in a heterogeneous porous

medium. The time evolution of the oil saturation u € [0, 1] can be modeled by (2.1) where the flux is given by
A (U

k(z),u) = ——————(1 — k(z)\,(u)), 3.28

(), 1) = St s (1 K@)y () 629

see [HR15, Ex. 8.2] Here, the functions A\, and \,, denote the phase mobilities/relative permeabilities of the

oil and the water phase, respectively. Typically, one uses the simple expressions
No(w) =u?, Ay(u) = (1—u)?

which we will also do in the subsequent experiments. The coefficient & in (3.28) corresponds to the absolute
permeability of the medium. Since the medium is usually layered to some extent throughout the reservoir
and even continuously varying geology is typically mapped onto some grid, the coefficient k is often modeled
as a piecewise constant function [GR93].

Since numerical experiments for conservation laws where the initial datum or the flux is uncertain have
been reported in other works (albeit without spatially discontinuous flux), we will here focus on numerical
experiments where the discontinuous coefficient % is subject to randomness. We consider the initial datum

0.8, —09<az<—02,
ug(x) = (3.29)
0.4, otherwise

on the spatial domain D = [—1, 1] with periodic boundary conditions. Figure 3.1 shows two examples of

fluxes of the form (3.28) and indicates the relevant domain determined by the initial datum (3.29). In all
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Figure 3.1.: Two possible fluxes of the form (3.28) for k(z) = 0.7 (dashed line) and k(x) = 2.3 (straight line)

experiments we use \ = % = 0.2 in the finite volume approximation (2.7).

When choosing the number of samples for the MLMC estimator we use the formulae (3.24) with " = " re-
placing " ~ "and rounding to the next biggest integer. Hereweusep = 1,r = ¢ =2, w =2, = %, ande =
2Az7° Forexample, for L = Tand Az, = 2~ weuse (M;), = (95646,20107,8454, 3555, 1495, 629, 265, 112)

samples.

In order to compute an estimate of the approximation error

1

V|

||]E[u(7T)] - EL[U('a T>]HL2(Q;L1(D)) = (E {”E[u(vT)] - EL[U('7T>H|31(D)}>

we use the root mean square estimator introduced in [MS12]: We denote by U, (-, T') a reference solution

and by (U, (-, T))fi , 2 sequence of independent approximate solutions EX[U (-, T')] obtained by running

the MLMCFVM estimator with L levels K times. Then, we estimate the relative error by

1

K
RIS = (% 3 (jeMsiF)

i=1

where
[Uee-sT) = U, T s )

” Uref(' ’ T) ” L1(D)

Here, as suggested in [MS12], we use K = 30 which was shown to be sufficient for most problems. In order

RMS,; = 100 x

to compute the reference approximation U, (-, T') of E[u(-, T")] we take a large number of uniformly-spaced
N

i=1
ing finite volume approximations u ,-(w;; -, T') for a very small discretization parameter Az* and then

points (w,):" , in  (which in our examples are a closed interval and a rectangle) and compute correspond-

determine U,.¢(-, T') by applying the trapezoidal rule to approximate the integral [, u(w;-,T) dIP(w) using

the points (up - (w;; - T)) Y.

In our experiments we also indicate the approximated standard deviation. To that end, we approximate

the variance by

L

VL = ZEML [(uAa:l<.7T) - uArlfl(WT) - EMZ [qul('7T) - U’Aaclfl('ﬂ T)])2] :
=0
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3. Multi-level Monte Carlo Methods for Discontinuous Flux

0.8 s 0.8 s
0.6 | s 0.6 | s
04 8 04 8
| | | | | | il | il |
—1 —0.30 0.3 1 —1 —0.30 0.3 1
(a) Two samples of the random entropy (b) MLMCFVM approximation (Azx, =
solution (£ = —0.3 (straightline), § = 274 L =".

0.3 (dashed line), Az = 279).

Figure 3.2.: Two samples and a MLMCFVM approximation of the (mean of the) random entropy solution for
Experiment 1 with 7" = 0.2 and A = 0.2. The orange area indicates the area between the mean
-+ standard deviation. For each sample the discontinuity of k is located in the interval between
the dotted lines.

3.6.1. Uncertain position of rock layer interface

For our first numerical experiment we will model the absolute permeability parameter as

k(:v)—{l’ xr < {(w),
2, x>¢w)

corresponding to an uncertain position of the interface between two rock types in the reservoir. Here, the
random variable £ is uniformly distributed in [—0.3, 0.3]. Figure 3.2a shows two samples of the approximate
random entropy solution (with ¢ = —0.3 and ¢ = 0.3 respectively) calculated using 2'° grid points at time
T = 0.2 and Figure 3.2b shows an estimate of the expectation E[u(-,T")] computed by the MLMCFVM with
Ary=2""and L =1T.

Table 3.1and Figure 3.3 show the estimated KM S error as a function of the number of levels. In particular,
Table 3.1a shows the observed order of convergence (OOC) with respect to Az ; while Table 3.1b shows the
observed order of convergence with respect to the computational work calculated based on a best linear
fit under the assumptions that RM'S ~ (Az; )™ and RMS ~ (work)"2. Here, we use the runtime as a
surrogate for the computational work. We observe that in Experiment 1 both rates are better than the rates

guaranteed by our convergence analysis.

To compute the reference solution in Experiment 1, we approximated the expectation with respect to
the uniform probability distribution on the interval [—0.3, 0.3] using the trapezoidal rule with N = 200
equidistant points and choosing Az* = 27! for the finite volume approximations.

3.6.2. Uncertain absolute permeabilities

For our second numerical experiment we will model the absolute permeability parameter as

k(w):{l—kfl(w), z <0,
24+ &(w), >0
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3.6. Numerical Experiments

L Ax; RMS 00C L runtime RMS 0OOC
1 27°  4.04 1 005 4.04
2 276 247 2 0.17 2.47
3 27 144 3 061 1.44
4 278 081 4 260 0.81
5 279 041 5 1072  0.41
6 2719 017  0.90 6 39.64 017 —0.46

(@) RM S error versus Az . (b) RM S error versus work.

Table 3.1.: RM S error in Experiment 1 as a function of the finest grid resolution Az and as a function of
the work (here measured by the runtime in s) for various values of L and for Az, = 274,

T T T T T T T
22 || RMS errorvs. Axy, - 22 R RMS errorvs. work
-—-  0.902t+6.709 | | --- —0.461t+0.133
ol b - . 2! S
20 [ G 7 | 20 [ N X |
271 [ S - | 2—1 | AR N _
2—2 L7 ’ | 2—2 [ N s
2—3 Ll | ] | 2—3 I ] ] ]
2710 278 276 275 272 21 24
Az; runtime (s)
(@) M S error versus Ax ;. (b) RM S error versus work.

Figure 3.3.: RM S error in Experiment 1 as a function of the finest grid resolution Ax; and as a function
of the work (here measured by the runtime in s) corresponding to the values in Table 3.1. The
dashed lines indicate the observed order of convergence based on a best linear fit.

corresponding to uncertain absolute permeabilities of two rock layers. Here, the random variables £, and &,
are both uniformly distributed in [—0.3, 0.3].

0.8 s 0.8 |
0.6 | s 0.6 | |
0.4+ = 0.4 |
| | | | I |
—1 0 1 —1 0 1
(@) Two samples of the random entropy (b) MLMCFVM approximation (Az, =
solution ((£;,&,) = (0.3,—0.3) 274 L=".

(straight line), (&1,&,) = (—0.3,0.3)
(dashed line), Az = 279).

Figure 3.4.: Two samples and a MLMCFVM approximation of the (mean of the) random entropy solution for
Experiment 2 with 7" = 0.2 and A = 0.2. The orange area indicates the area between the mean
+ standard deviation and the dotted line marks the (fixed) position of the discontinuity of k.
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3. Multi-level Monte Carlo Methods for Discontinuous Flux

L Az, RMS 0O0C L runtime(s) RMS OOC
1 27° 3.80 1 0.05 3.80
2 276 295 2 0.19 2.25
3 277 134 3 0.63 1.34
4 278 075 4 2.70 0.75
5 279 037 5 10.12 0.37
6 2710 015 091 6 38.14 0.15 —0.47

(@) RM S versus Az . (b) RM 8 versus work.

Table 3.2.: RM S error in Experiment 2 as a function of the finest grid resolution Az; and as a function of
the work (here measured by the runtime in s) for various values of L and for Az, = 24,

22 1 RMS errorvs. Az, b3 22 |- N RMS error vs. work ||
|- 091146655 = o1 N --- —0.472t +0.026
2 7 g I - H
20 1o20F .
271 [ /// | 2—1 [ \‘\\ |
272k ,’, | 2—2k \\\\ |
273 Co i i . 2_3 L i i i -
2—10 2—8 2—6 275 272 21 24
Az Az
(@) RM S error versus Az . (b) RM S error versus work.

Figure 3.5.: RM S error in Experiment 2 as a function of the finest grid solution Az, and as a function
of the work (here measured by the runtime in s) corresponding to the values in Table 3.2. The
dotted lines indicate the observed order of convergence based on a best linear fit.

Figure 3.4a shows two samples of the approximate random entropy solution (with (£;,¢,) = (0.3,—0.3)

210 grid points at time 7' = 0.2 and Figure 3.4b

and (&§;,&,) = (—0.3,0.3) respectively) calculated using
shows an estimate of the expectation E[u(-, T)] computed by the MLMCFVM with Az, = 2 *and L = 7.
Table 3.2 and Figure 3.5 again show the root mean square error estimate and the observed order of
convergence with respect to Az ; and with respect to the computational work. As before, we observe that
the observed convergence rates are better than the theoretical bounds.
In order to compute a reference solution for Experiment 2, we used a tensorized trapezoidal rule with

60 x 60 points in the stochastic domain [—0.3,0.3]? and Az* = 27! for the finite volume approximations.

3.7. Conclusion

In this chapter, we have considered conservation laws with discontinuous flux where the model parameters,
i.e., the initial datum, the flux function, and the discontinuous spatial dependency coefficient, are uncertain.
Based on adapted entropy solutions for the deterministic case, we have introduced a notion of random
entropy solutions and have proved well-posedness.

To numerically approximate the mean of a random entropy solution, we have proposed Monte Carlo

methods coupled with a class of finite volume methods suited for conservation laws with discontinuous

24



3.7. Conclusion

flux. Our convergence analysis includes convergence rate estimates for the Monte Carlo and multilevel
Monte Carlo finite volume method. Further, we have provided error versus work rates which show that
the multilevel Monte Carlo finite volume method is much faster than the (single-level) Monte Carlo finite
volume method.

We have presented numerical experiments motivated by two-phase flow in heterogeneous porous media,
e.g., oil reservoirs with different rock layers. The numerical experiments verify our theoretical results
concerning convergence rates of the multilevel Monte Carlo finite volume method.

As apossible direction of future research, we want to mention that -- from a practical standpoint - - it would
be desirable to design multilevel Monte Carlo finite volume methods based on finite volume methods that
require no processing of the flux discontinuities. Such numerical methods have been considered in [Tow20],
however, there are currently no convergence rate results available for these methods.
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Chapter

4

Introduction

The ability to predict various physical phenomena to a reasonable degree of accuracy is one of the cornerstones
of modern sciences and engineering. Hyperbolic conservation laws model a large number of such physical
systems either exactly or approximately. Consequently, the study of hyperbolic conservation laws has been
instrumental in our ability to successfully construct such systems and is a highly research topic.

Hyperbolic conservation laws are partial differential equations of the form

du(x, t)

8t + Vx ° ?(XJ;,U) =0 uc Rn, (X,t) S Rd X R+ (41)

where the flux Jacobian D F is such that forallu € R™ and allv € R¢, the matrix (D% ,v) hasn real
eigenvalues and n linearly independent eigenvectors. If, in addition, these eigenvalues are distinct, then the
system is said to be strictly hyperbolic. The hyperbolic nature indicates to the finite speed of propagation of
information in the system.

Despite the considerable success of using hyperbolic conservation laws in modeling physical phenomena,
we note that the models are more often than not only an imperfect description of the underlying phenomena.
It is generally impossible to model accurately all aspects of physics in a single model, and hence, we often
limit ourselves to set of aspects that are enough to capture the phenomena of interest. Unsurprisingly
then, hyperbolic conservation laws are often only an approximation of the underlying physical phenomena
where some of the physics is neglected or simplified. For example, the Euler equations result from the
Navier-Stokes equations by neglecting the viscous terms, while the Navier-Stokes equations themselves are
an approximation of the Boltzmann equation by neglecting the molecular scale physics.

Therefore, it should not come as a surprise when such models exhibit unphysical solutions. In the case of
conservation laws, one of the ways this phenomenon is manifests itself is in infinitely many weak solutions
to the conservation laws. At such times, we must use additional information from physics to attempt to
single out the physically relevant solutions. For scalar conservation laws, we now have a complete theory
which uniquely identifies the physically relevant solutions using entropy conditions. However, this is not
always true, as is evinced by the discussion of wild solutions in the contemporary literature.

Designing numerical methods for these models introduces further complications in the process. Nu-
merical methods are an approximation to the often continuous model and not all approximations lead to
the physically relevant solution as singled out by the analysis. Designing methods which converge to the
physically relevant solutions is a priori non-trivial. In some cases like systems of hyperbolic conservation
laws, the design of such methods is still an open problem. In such cases, one can not list sufficient conditions
to establish the correctness of the numerical solutions. However, it is often possible to propose a set of
necessary conditions which are enough for the use cases generally found in most applications.

Most of the equations are non-linear partial differential equation (PDE) due to which it is often impossible
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4. Introduction

~— ] — v +V
— U2 — v+ V
-— U] ~— v +V

Figure 4.1.: Problem Setup to Study Kelvin-Helmbholtz Instabilities

AREPO. fixed. r=2.0. V=10

Figure 4.2.: Kelvin-Helmholtz Instabilities in Fluid Flow

to obtain the solutions of these equations in closed form. Numerical methods then become an important tool
to study such equations. Numerical methods have developed into an especially important methods of study
of physical systems due to their reliability and relatively inexpensive nature. In contrast to the considerably
well-developed theory of linear partial differential equations, each non-linear equations presents its own set
of difficulties.

In the past few decades, mesh based methods like finite volume and discontinuous Galerkin finite element
methods have been exceedingly successful in the task of modelling compressible fluid flows. Due to the
upwind nature of the finite volume schemes, dissipation is implicitly built in the schemes. This allows the
schemes to be able to compute discontinuous solutions in a stable manner. Discontinuous Galerkin methods
can be considered to be higher order generalizations of the finite volume methods which also make use of
the upwinding technology but instead of cell averages, evolve a polynomial inside each cell.

In the most basic form of these methods, the mesh used for simulations is kept fixed over the course of
simulations. This can sometimes be an issue for unresolved solutions, where the truncation error from the
simulation can dominate the behavior of fluids. A striking example of such a situation is the growth of the
Kelvin-Helmbholtz instabilities between two fluids of different densities. The problem setup consists three
scenarios each having an unresolved discontinuity (a slip-surface) between two fluids moving in opposite
directions, but in each scenario, there is a boost fig. 4.1.

Due to the principle of Galilean invariance, the fluid should behave identically irrespective of the value of
V,,- However, using AREPO code [Sprio] for example, one can see in fig. 4.2 that the instabilities disappear
in the moving frames. The disappearance of the instabilities is due to dampening of the unstable modes in
the fluid by the numerical dissipation of method.

The problem of numerical dissipation is not limited to the moving frames. The effect is observable even in
rest frames where the instabilities disappear at lower resolutions. So, even though the methods themselves
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are Galilean invariant, the corresponding truncation error is not Galilean invariant. Apart from suppression
of instabilities, the violation of Galilean invariance of truncation error is a major contributor to smearing
out of shocks and contact discontinuities, especially in higher-order methods. Even for smooth solutions,
the accuracy of the solution can be reduced due to the effects of truncation error.

One of the ways to deal with these challenges is to move the mesh along with the fluid, thereby reducing
the truncation error in the simulations. A natural choice is to move the mesh with the velocity of the fluid
and thereby exploit the Lagrangian formulation for fluid mechanics. The resulting method is called the
Lagrangian method and was first developed in 1950s and 60s [VR50; Wil63]. A general review of these
methods can be found in [Benoz].

In Lagrangian simulations, a given region is always approximated by the same number of mesh points.
This ensures that the accuracy of the simulation is in general maintained to the accuracy of the initial
approximation. Furthermore, compared to the fixed mesh methods, the number of points required to get a
similar accuracy in Lagrangian simulations is often surprisingly small. This makes Lagrangian methods
quite attractive for fluid simulations.

Unfortunately, the very features of the Lagrangian method which make it so effective are also the ones
which make it totally unsatisfactory for simulations involving large shear flows. The property of mesh points
to exactly follow the fluid flow causes the underlying mesh to become highly distorted, if not degenerate.
This results in the reduction of accuracy of approximation and consequently of the simulation, with the
simulation not being able to continue till completion in some cases.

In case of small deformations, one can add corrections to the mesh velocity in order to maintain the
quality of the mesh for a longer time and often till the completion of the simulation. At this stage however,
the mesh velocity is not equal the fluid velocity, and Lagrangian formulation is no longer an appropriate
setting for our computations. We must instead use the Arbitrary Lagrangian-Eulerian (ALE) formulation
where the vertices of the computational mesh may be moved in an arbitrary fashion. Methods using ALE
formulation were originally developed in [FL64; HAC74; Nohé3; Trué6] in the context of finite difference
and finite volume methods. The method was subsequently adopted in the finite element context and early
applications can found in [BK78; DGH82; HLZ81; KBS79].

In theory, the mesh velocities in the ALE formulation can be any arbitrary value but in practice, it is
desirable to keep the mesh velocities as close to fluid velocity as possible. Methods which satisfy this property
are called almost-Lagrangian methods. The methods are practical in cases of small deformations of the
meshes, but for large deformations, it becomes impractical to maintain a good quality mesh with mesh
velocities close to fluid velocities and it becomes necessary to make changes to the mesh topology.

An approach to handle the problem of the mesh quality is to move the mesh for as long as possible with
the fluid velocity, and remesh when the mesh quality becomes unacceptable [BLL94; Has+07]. For each
remeshing, the simulation has to be stopped, a new mesh must be generated and the solution must be
transferred to the new mesh. This approach can be efficient if the number of remeshing required are very
low, since the simulation is fully ALE and free from interpolation errors.

The approach described above is sometimes also known as remap ALE methods or indirect ALE methods.
Remap ALE schemes have been used extensively in some problems and some of the recent work on the
topic can be found in [Ber+11; BRS13; Bre+13; KS12; Yan+13]. For large deformations, the number of required
remeshing increase and this can be both costly and result in poor accuracy due to the solution transfer step.

Another approach to get around this problem was presented in [Spr10], where the connectivity of the
moving mesh is dynamically regenerated via a moving unstructured but conforming Voronoi tessellation of

the domain. Building on the idea, a higher order ALE Discontinuous Galerkin (DG) method was designed
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4. Introduction

by [Gab+19]. In these methods, a new mesh is generated at every time step, a correspondence is generated
between the elements in the two time steps, and finally a ALE DG method is solved on the mesh, where the
space-time information is gleaned from the correspondence information.

In the above method, there is a possibility of non-regular (" “crazy") finite elements appearing in the mesh
which is taken care of using the techniques in [Gab+19]. Due to no inherent need to remap the solutions in
these methods, these methods are often referred to as direct ALE DG methods. Since there is no remapping
of solutions needed, the methods do not suffer from the interpolation error, however, it requires a mesh to
be generated at every time step and corresponding connection information to be determined which can be
costly.

There is a third approach which was first outlined in [Com+10; DFo8], where one only performs a local
remeshing operations, such as vertex insertion, vertex collapse, connectivity changes and vertex displace-
ments, to preserve a good mesh quality throughout the simulation. The advantage of this method is that it
maintains an acceptable mesh quality without needing to stop, remesh and resume the simulation. Another
important aspect is that for all the cells which do not need to be modified, there is no interpolation error dur-
ing the local cell remeshing. This helps in maintaining a high accuracy of solutions through the simulation.
[Ala14; BA19] further showed that for ALE DG simulations with a elasticity-based mesh velocities, only mesh
velocity corrections and connectivity changes (face swapping) is enough to maintain a good quality mesh.

This is the idea we use in this part of the thesis for our ALE DG method. The objective was to design an
almost-Lagrangian ALE DG method which can be run efficiently on parallel architectures. To achieve this,
we propose an ALE DG method with the following properties:

1. Single step method with only one communication between the cells in a time step.
2. Local remeshing algorithms.

3. Local mesh velocity algorithms.
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Chapter

5

ALE-DG Methods for One Dimensional Euler Equations

In this chapter, we sketch the contents of the paper [BCK20] (linked here) and [BC18] (linked here) which
introduces the ALE-DG method for the one-dimensional Euler equations. As mentioned in chapter 4, there
are multiple problems that need to be solved in order to develop a robust and efficient multi-dimensional
ALE-DG method for compressible flows. In the spirit of tackling the problems in a gradual manner, we begin
with a single-dimensional problem. The details of the methods have already been published in [BCK20]. In
this chapter, we present an overview of the ideas, the methods and showcase a selection of numerical results.

5.1. TheMesh

Consider a partition of the domain D = [z,,;,, =,,.,] into disjoint cells with the j-th cell being denoted by
C,(t) = [x];% (1), Tjp1 (t)]. The time levels are denoted by ¢,, with the time step At,, = ¢, ., —t,. Insidea
single time interval (¢,,,¢,,. ; ), the boundaries of the cells move with a constant velocity denoted by (5.1).

wﬁ_%:w” L t, <t<t,. (5.1)

n+1
J+3

1
1 cptt T
T tn+l

de _ ,.n de _ ,.n
dt = Wi—1/2 = Wit1/2
————————————— tn
n mn
I]*% Cj

Figure 5.1.: Example of a space-time cell in the time interval (¢,,,t,, ).

We can use (5.1) to define a cell in space-time as shown in Figure 5.1. The location of the cell boundaries,

the cell center and the cell length are given by (5.2).

xj+%(t) =z" | + wj+%(t —t,) t, <t<t,. (5.2a)
2

1
zi(t) = 5 o1 (O + a1 () hy(t) = () — 21 (1) (5.2b)
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5. ALE-DG Methods for One Dimensional Euler Equations

The mesh velocity inside the cell is given by the linear interpolation of the mesh velocities at the vertex as

shown in (5.3).

@ xﬁ;(t)—a: x—x]_%(t) =
wi(t)=—F——"——w, 1 + ———w, 1 5.3
! hj<t> 73 h](t) A

Sometimes, it is convenient to represent the geometry of the cell in terms of the reference coordinates
¢ € [—1,1] where £ is given by (5.4).

=t ¢=2—" (5.4)

5.2. TheALE-DG Method

In the DG method, we approximate the solution of the Euler equations by piecewise polynomials which
are allowed to be discontinuous at the cell boundaries as shown in Figure 5.2. We evolve the modes of the
polynomial in the space-time cells of the ALE mesh. Finally, we use a standard TVB/TVD limiter to control
the oscillations of the solution.

J=3 j+3

Figure 5.2.: Discontinuous Galerkin approximation of the solution.

For a given degree k > 0, the solution in the j-th cell is approximated by a polynomial of degree k as
shown in (5.5) where {ujm eR30<m< k} are the are the degrees of freedom associated with the j-th
cell. The basis functions {¢,, } can be any set of polynomials that are orthogonal with respect to the cell
geometry. In this work, we use functions derived from the Legendre polynomials P,,, m € N as shown in
(5.6).
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5.2. The ALE-DG Method

k
(x,t) = Z Uj 1 () Py (2, ) (5.5)

=0

G (T, 1) =1/2 1P, (5.6)

We can now calculate the rate of change of the of the /-th moment of the solution, which gives us the

semi-discrete form of the ALE-DG scheme (5.7).

tn+l Ij*%
n n a
h;j o J;Ll h?u?,l"_/ /g<uhaw)8—x¢l($,t)dxdt
t, . 1
e (5.7)

tn+1

+ / {gji_( )¢z< 2 1(b), t) — g1 (1)) <xj+%(t),t>} dt

t

n

Here, g is the ALE flux function defined by (5.8) and gAj,; and éj 1 are the numerical fluxes at the cell
boundaries defined by (5.9).

gl w) = F(u) ~ wu 59
g2 =g (u 0.0, (0w, ) 5.9

The above scheme, as it stands, is implicit in time. In order to make it explicit, we assume that we have
available with us a predicted solution U, in the time-step. We can use this predicted solution to compute
the integrals on the right hand side of (5.7) and obtain the following explicit scheme (5.10). Here 0, are the
time quadrature weights and 1), are the spatial quadrature weights.

hn+1 n+1 — hn n

;0 Wi
+ At Zerhj ang Un(2g, 1), w(zg, 7)) ¢l( g Ty) (5.10)
+ At, 29 [ g;-1 (Up(7.) ¢y(@;-1(7,)) — 8511 (Up(7,)) ¢, 1 (7))

5.2.1. Mesh Velocity

In principle, we can choose any arbitrary mesh velocity for the ALE-DG scheme. However, in practice, we
need to choose a mesh velocity close local fluid velocity in order to preserve the Lagrangian nature of the
scheme. Since the solution is discontinuous, there is no unique fluid velocities at the mesh boundaries.
Therefore, we need to choose a mesh velocity that is a good approximation to the multiple local fluid velocities

at the boundary. In our work, we make two different choices of mesh velocities

1. Average Of Face Velocities (denoted by ADG)

(vf 4ot 1) (5.11)
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5. ALE-DG Methods for One Dimensional Euler Equations

2. Velocity obtained by solving a linearized Riemann problem (denoted by RDG)

1/ + 1/ 4 -
w; 1= 5 <Uj% +vj+%> + 5 <uj+% uj%> (5.12)

5.3. ALE-Aware Numerical Flux

The ALE scheme requires a numerical flux g which is usually based on some approximate Riemann solver.
The numerical flux is assumed to be consistent in the sense that it reduces to the exact flux in the case of a

smooth solution as in (5.13). Here, we list some of the ALE numerical fluxes that we use in our work.
g(u,u,w) = g(u,w) Vue R} weR (5.13)

Rusanov Flux

The Rusanov flux is a variant of the Lax-Friedrich flux and is given by

~ 1
g<ul7 u,., w) = [g<ul’ w) + g(um wﬂ - 5)‘lr(ur - ul) (5.14)

DO | —

where
AMug,u,, w) = max {|v, —w| + ¢, |v, —w| +¢,} (5.15)

which is an estimate of the largest wave speed in the Riemann problem. Since the mesh velocity is close to the
fluid velocity, the value of A is close to the local sound speed. Thus the numerical dissipation is independent
of the velocity scale.

Roe Flux

The Roe scheme [Roe81] is based on a local linearization of the conservation law and then exactly solving the

Riemann problem for the linear approximation. The flux can be written as

- 1 1
g(u, u,, w) = [g(w, w) + g(u,, w)] = 5[4, (w, —w)) (5.16)

where the Roe average matrix A, = A, (u;, u,) satisfies
g(ur7 'U}) - g(ub w) = Aw<u7' - ul) (5.17)

where we define |[A,,| = R|A —wl| R~'. This matrix is evaluated at the average state u(q), where

q= %(ql + q,) where g = /p[1, v, H|" is the parameter vector introduced by Roe.

5.4. Analysisof the Scheme

h;”lu?*l = h;‘u;l — Atn |:§J+% - §n1:| (5.18)

2
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5.5. Mesh Adaptation

By considering the first-order version of the ALE-DG scheme, (5.18) with Rusanov flux (5.14) , we can show
that the scheme preserves the positivity property of the solution if the time-step is chosen as shown in (5.19)
for any 8 € [0, 1]. Furthermore, we can show that the scheme can preserve constant states for any mesh
motion.

—Bypn n
At <min] =DM B

! ) (5.19)
1 n n
()

5.5. Mesh Adaptation

The size of the cells can change considerably during the time evolution process due to the near Lagrangian
movement of the cell boundaries. Near shocks, the cells will be compressed to smaller sizes which will reduce
the allowable time step since a CFL condition has to be satisfied. In some regions, e.g., inside expansion
fans, the cell size can increase considerably which may lead to loss of accuracy. In order to avoid too small or
too large cells from occurring in the grid, we implement cell merging and refinement into our scheme. If

a cell becomes smaller than some specified size h,;,, then it is merged with one of its neighbouring cells

min’
and the solution is transferred from the two cells to the new cell by performing an L? projection. If a cell

size becomes larger than some specified size h,,,,, then this cell is refined into two cells by division and the

max?
solution is again transferred by L? projection. The use of L? projection for solution transfer ensures the
conservation of mass, momentum and energy and preserves the accuracy in smooth regions. We also ensure
that the cell sizes do not change drastically between neighbouring cells. To keep a track of refinement of cells,
each cell is assigned an initial level equal to 0. The daughter cells created during refinement are assigned a
level incremented from the parent cell, while the coarsened cells are assigned a level decremented from the
parent cell.

The algorithm for refinement and coarsening is carried out in three sweeps over all the active cells. In the
first sweep, we mark the cells for refinement or coarsening based on their size and the level of neighboring
cells. Cells are marked for coarsening if the size is less than a pre-specified minimum size. They are marked
for refinement if either the size of the cell is larger than the maximum size or if the level of the cell is less
than the level of the neighboring cells. If none of the conditions are satisfied, the cells are marked for no
change. In the second sweep, a cell is marked for refinement if both the neighboring cells are marked for
refinement. A cell is also marked for refinement if the size of the cell is larger than twice the size of either of
the neighboring cells, and is also larger than twice the minimum size. The last condition is inserted in order
to prevent a cell being alternately marked for refinement and coarsening in consecutive adaptation cycles.
In the third and final sweep, we again mark cells for refinement if both the neighboring cells are marked for
refinement. Further, we ensure that a cell marked for refinement does not have a neighboring cell marked
for a coarsening, since this can lead to an inconsistent mesh.

5.6. Numerical Results

5.6.1. Order of Accuracy Test Case

We study the convergence rate of the schemes by applying them to a problem with a known smooth solution.

The initial condition is taken as
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5. ALE-DG Methods for One Dimensional Euler Equations

N
Error Rate Error Rate
100 | 2.053E-02 - 2.277E-03 -

200 | 4.312E-03 | 2.251 | 3.425E-04 | 2.732
400 | 1.031E-03 | 2.064 | 4.565E-05 | 2.907
800 | 2.550E-04 | 2.015 | 5.812E-06 | 2.973

1600 | 6.356E-05 | 2.004 | 7.315E-07 | 2.990

Table 5.1.: Order of accuracy study on moving mesh using Rusanov flux using Higher Order Limiter [ZS13]

N k=1 k=2 k=3
Error Rate Error Rate Error Rate
100 | 4.370E-02 - 3.498E-03 - 3.883E-04 -

200 | 6.611E-03 | 2.725 | 4.766E-04 | 2.876 | 1.620E-05 | 4.583
400 | 1.332E-03 | 2.518 | 6.415E-05 | 2.885 | 9.376E-07 | 4.347
800 | 3.151E-04 | 2.372 | 8.246E-06 | 2.910 | 5.763E-08 | 4.239
1600 | 7.846E-05 | 2.280 | 1.031E-06 | 2.932 | 3.595E-09 | 4.180

Table 5.2.: Order of accuracy study on static mesh using Rusanov flux

p(x,0) = 1 + exp(—102?) (5.20)
u(z,0) =1 (5.21)
p(z,0) =1 (5.22)

whose exact solution is p(z,t) = p(z —¢,0), u(z,t) = 1, p(z,t) = 1. The initial domain is [—5, +5] and
the final time is ¢ = 1 units. The results are presented using Rusanov and HLLC numerical fluxes. The L?
norm of the error in density are shown in table (5.2), (5.3) for the static mesh and in table (5.4), (5.5) for the
moving mesh. In each case, we see that the error behaves as O(h**!) which is the optimal rate we can expect
for smooth solutions. In table (5.1), we show that the ALE DG methods preserves its higher order in presence

of a limiter.

5.6.2. Smooth Test Case with Non-Constant Velocity

We also test the accuracy of our schemes on a isentropic problem with smooth solutions. The test case The

initial conditions are given by
p(x,0) =14 0.9999995 sin(7z) u(z,0) =0 p(z,0) = p7(x,0) (5.23)

with v = 3and periodic boundary conditions. For thiskind of special isentropic problem, the Euler equations
are equivalent to the two Burgers equations in terms of their two Riemann invariants which can then be

used to derive the analytical solution. The errors are then computed with respect to the given analytical
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N
Error Rate Error Rate Error Rate
100 | 4.582E-02 3.952E-03 3.464E-04
200 | 9.611E-03 | 2.253 | 4.048E-04 | 3.287 | 2.058E-05 | 4.073
400 | 2.052E-03 | 2.240 | 4.640E-05 | 3.206 | 1.287E-06 | 4.036
800 | 4.803E-04 | 2.192 | 5.623E-06 | 3.152 | 8.061E-08 | 4.023
1600 | 1.184E-04 | 2.149 | 6.929E-07 | 3.119 | 5.050E-09 | 4.016

Table 5.3.: Order of accuracy study on static mesh using HLLC flux

N
Error Rate Error Rate Error Rate
100 | 2.331E-02 - 3.979E-03 - 8.633E-04 -
200 | 6.139E-03 | 1.9250 | 4.058E-04 | 3.294 | 1.185E-05 | 6.186
400 | 1.406E-03 | 2.0258 | 5.250E-05 | 3.122 | 7.079E-07 | 5.126
800 | 3.375E-04 | 2.0366 | 6.626E-06 | 3.077 | 4.340E-08 | 4.760
1600 | 8.278E-05 | 2.0344 | 8.304E-07 | 3.057 | 2.689E-09 | 4.573

Table 5.4.: Order of accuracy study on moving mesh using Rusanov flux

N k=1 k=2 k=3
Error Rate Error Rate Error Rate
100 | 1.590E-02 1.626E-03 1.962E-04
200 | 4.042E-03 | 1.977 | 2.072E-04 | 2.972 | 1.269E-05 | 3.950
400 | 1.014E-03 | 1.985 | 2.605E-05 | 2.982 | 7.983E-07 | 3.971
800 | 2.538E-04 | 1.990 | 3.261E-06 | 2.988 | 4.997E-08 | 3.980
1600 | 6.349E-05 | 1.992 | 4.077E-07 | 2.991 | 3.124E-09 | 3.985
Table 5.5.: Order of accuracy study on moving mesh using HLLC flux
N k=1 k=2 k=3
Error Rate Error Rate Error Rate
100 | 1.735E-02 - 1.798E-03 - 2.351E-04 -
200 | 4.179E-03 | 2.051 | 2.848E-04 | 2.676 | 1.416E-05 | 4.069
400 | 1.054E-03 | 2.035 | 4.301E-05 | 2.703 | 8.578E-07 | 4.041
800 | 2.615E-04 | 1.943 | 6.012E-06 | 2.838 | 5.476E-08 | 3.958
1600 | 7.279E-05 | 1.852 | 8.000E-07 | 2.909 | 3.505E-09 | 3.966

Table 5.6.: Order of accuracy study on moving mesh using HLLC flux with randomly perturbed mesh velocity
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Figure 5.3.: Example of randomized velocity distribution for smooth test case

k=1 k=2
N
Error Rate Error Rate
100 | 8.535E-03 - 1.033E-03 -

200 | 1.958E-03 | 2.124 | 1.221E-04 | 3.08
400 | 4.721E-04 | 2.052 | 1.581E-05 | 2.95
800 | 1.238E-04 | 1.931 | 2.14E-06 | 2.89
1600 | 3.563E-05 | 1.796 | 2.63E-07 | 3.02

Table 5.7.: Order of accuracy study on fixed mesh using Roe flux with Non-Constant Velocity Smooth Test
Case

solution. In contrast to the previous test case, the velocity and pressure are not constant which makes this a
more challenging test case. We run the simulation with a WENO-type limiter from [Zhu+13] and positivity
limiter enabled. As we can see from Tables 5.7, 5.8, the rate of convergence is maintained for the moving

mesh method with the moving mesh methods exhibiting much lower errors.

5.6.3. Single contact wave

In this example, we choose a Riemann problem which gives rise to a single contact wave in the solution that

propagates with a constant speed. The initial condition is given by

(2.0,1.0,1.0) ifz < 0.5

(p,v,p) = _
(1.0,1.0,1.0) ifz > 05

and the contact wave moves with a constant speed of 1.0. The solution on static and moving meshes are
shown in figure (5.4) at time ¢ = 0.5 using Roe flux. The moving mesh is able to exactly resolve the contact
wave while the static mesh scheme adds considerable numerical dissipation that smears the discontinuity
over many cells. The accurate resolution of contact waves is a key advantage of such moving mesh methods,

which are capable of giving very good resolution of the contact discontinuity even on coarse meshes.
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k=1 k=2
N
Error Rate Error Rate
100 | 4.235E-03 - 2.238E-04 -

200 | 1.058E-03 | 2.001 | 3.255E-05 | 2.87
400 | 2.586E-04 | 2.035 | 4.301E-05 | 3.133
800 | 5.804E-05 | 2.155 | 5.762E-06 | 2.901

1600 | 1.271E-05 | 2.192 | 7.401E-07 | 2.96

Table 5.8.: Order of accuracy study on moving mesh using Roe flux with Non-Constant Velocity Smooth Test

Case
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Figure 5.4.: Single contact wave using Roe flux and 100 cells: (a) static mesh, (b) moving mesh
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Figure 5.5.: Sod problem using Roe flux, 100 cells and TVD limiter: (a) static mesh (b) moving mesh
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Figure 5.6.: Sod problem using Roe flux, 100 cells and TVD limiter: (a) static mesh (b) moving mesh

5.6.4. Sod problem

The initial condition for the Sod test case is given by [Sod78]

(1.0,0.0,1.0)  ifz <05

(p,v,p) = ,
(0.125,0.0,0.1) ifz > 0.5

and the solution is computed upto a final time of 7' = 0.2 with the computational domain being [0, 1].
Since the fluid velocity is zero at the boundary, the computational domain does not change with time for
the chosen final time. The exact solution consists of a rarefaction fan, a contact wave and a shock wave. In
figure (5.5), we show the results obtained using Roe flux with 100 cells and TVD limiter on static and moving
mesh. The contact wave is considerably well resolved on the moving mesh as compared to the static mesh
due to reduced numerical dissipation on moving meshes.

To study the Galilean invariance or the dependence of the solution on the choice of coordinate frame, we
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Figure 5.7.: Sod problem using Roe flux, 100 cells and TVD limiter. ADG : Average Velocity, RDG : Linearized
Riemann Velocity

|4 0 | 10 | 100

staticmesh | 144 | 810 | 6807

moving mesh | 176 | 176 | 176

Table 5.9.: Number of iterations required to reach time ¢ = 0.2 for Sod test for different boost velocity of the
coordinate frame

add a boost velocity of V' = 10 or V' = 100 to the coordinate frame, while implies the initial fluid velocity is
v(x,0) = Vand the other quantities remain as before. Figure (5.8a) shows that the accuracy of the static
mesh results degrades with increase in velocity of the coordinate frame, particularly the contact discontinuity
is highly smeared. The results given in figure (5.8b) clearly show the independence of the results on the
moving mesh with respect to the coordinate frame velocity. The allowed time step from CFL condition
decreases with increase in coordinate frame speed for the static mesh case, while in case of moving mesh,
it remains invariant. This means that in case of static mesh, we have to perform more time steps to reach
the same final time as shown in table (5.9), which increases the computational time. Thus the moving mesh

scheme has the additional advantage of allowing a larger time step compared to the fixed mesh scheme.

Finally, we compute the solutions using quadratic and cubic polynomials and the results are shown in
figure (5.9). The solutions look similar to the case of linear polynomials and have the same sharp resolution

of discontinuities.

5.6.5. Lax problem
The initial condition is given by

(0.445,0.698,3.528) ifz < 0
(p7vap = .
(0.5,0.0,0.571) ifz >0
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Figure 5.8.: Effect of coordinate frame motion on Sod problem using Roe flux, 100 cells and TVD limiter: (a)
static mesh (b) moving mesh
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Figure 5.10.: Lax problem using HLLC flux, 100 cells and TVD limiter: (a) static mesh (b) moving mesh

The computational domain is [—10, +10] and we compute the solution up to a final time of 7" = 1.3. This
problem has a strong shock and a contact wave that is difficult to resolve accurately. The zoomed view of
density is shown at the final time in figure (5.10), and we observe the moving mesh results are more accurate
for the contact wave, which is the first discontinuity in the figure. The second discontinuity is a shock which
is equally well resolved in both cases. We can observe that the grid is automatically clustered in the region

between the contact and shock wave, but no explicit grid adaptation was used in this simulation.

5.6.6. Shu-Osher problem

The initial condition is given by [SO88]

(3.857143,2.629369,10.333333) ifx < —4

(14 0.2sin(5z),0.0,1.0)

(p,v,p) = .
ifr >—4

which involves a smooth sinusoidal density wave which interacts with a shock. The domain is [—5, 5] and
the solution is computed up to a final time of 7" = 1.8. The solutions are shown in figure (5.12a)-(5.12b)
on static and moving meshes using 200 cells and TVD limiter. The moving mesh scheme is considerably
more accurate in resolving the sinusoidal wave structure that arises after interaction with the shock. In
figure (5.12¢) we compute the solution on static mesh with TVB limiter and the parameter M = 100. In this
case the solutions on static mesh are more accurate compared to the case of TVD limiter but still not as good
as the moving mesh results. The moving mesh result has more than 200 cells in the interval [—5, +5] at the
final time since cells enter the domain from the left side. Hence in figure (5.12d), we show the static mesh
results with 300 cells and using TVB limiter. The results are further improved for the static mesh case but
still not as accurate as the moving mesh case. The choice of parameters in the TVB limiter is very critical but
we do not have a rigorous algorithm to choose a good value for this. Hence it is still advantageous to use the
moving mesh scheme which gives improved solutions even with TVD limiter.

The above results show the ALE method is very accurate in terms of the cell averages. In figure (5.13), we
show a zoomed view of density and pressure, where we also plot the linear polynomial solution. The slope of

the solution is not accurately predicted with the Roe scheme and there are spurious contact discontinuities
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Figure 5.11.: Lax problem using HLLC flux, 100 cells and TVD limiter. ADG
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Figure 5.12.: Shu-Osher problem using Roe flux: (a) static mesh, 200 cells, M = 0 (b) moving mesh, 200
cells, M = 0 (c) static mesh, 200 cells, M = 100 (d) static mesh, 300 cells, M = 100
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Figure 5.13.: Shu-Osher problem using Roe flux on moving mesh

as the pressure and velocity are nearly continuous. This behaviour is observed with all contact preserving
fluxes like Roe, HLLC and HLL-CPS but not with the Rusanov flux. Due to the almost Lagrangian character of
the scheme, the eigenvalue corresponding to the contact wave, A, = v — w, is nearly zero, which leads to loss
of dissipation in the corresponding characteristic field. If a spurious contact wave is generated during the
violent dynamics, then this wave will be preserved by the scheme leading to wrong solutions. We modify the
Roe scheme by preventing this eigenvalue from becoming too small or zero, which is similar to the approach

used for the entropy fix. The eigenvalue |\, | used in the dissipative part of the Roe flux is determined from

| |v — w| iflv—w|>d=ac
’ %(6 + v —w|?/d) otherwise

With this modification and using o = 0.1, the solution on moving mesh is shown in figure (5.14) and we do
not observe the spurious contact discontinuities which arise with the standard Roe flux, while at the same

time, the solution accuracy compares favourably with the previous results that did not use the eigenvalue fix.

We next compute the solutions using quadratic polynomials. Figure (5.15) shows the results obtained with
the TVD limiter which shows the dramatically better accuracy that is achieved on moving mesh compared to
static mesh. In figure (5.16) we perform the same computation with a WENO limiter taken from [ZS13]. The
static mesh results are now improved over the case of TVD limiter but still not as good as the moving mesh
results in terms of capturing the extrema. In figure (5.17) we show a zoomed view of the results on moving
mesh with TVD and WENO limiter. We see that the TVD limiter is also able to capture all the features and is
almost comparable to the WENO limiter.

47



5. ALE-DG Methods for One Dimensional Euler Equations

4.8

Exlact
DG(1), poly
DG(1), avg

Density

Figure 5.14.: Shu-Osher problem using modified Roe flux on moving mesh
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Figure 5.15.: Shu-Osher problem using modified Roe flux, TVD limiter, quadratic polynomials and 150 cells.
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Figure 5.18.: Titarev Problem with HLLC flux, 1000 cells and TVD limiter

5.6.7. Titarev-Toro problem

Titarev-Toro problem is an extension of the Shu-Osher problem [TTo4] to test a severely oscillatory wave
interacting with a shock wave. It aims to test the ability of higher-order methods to capture the extremely
high frequency waves. The initial condition is given by

(1.515695,0.523346,1.805), —5 <z < —4.5
<p77}7p = (5.24)

(1+0.1sin(207z),0, 1), —45<2<5

The computation is carried out on a mesh of 1000 cells with the final time 7" = 5 and the density at this final
time is shown in Figures (5.18), (5.19). The fixed mesh is not able to resolve the high frequency oscillations
due to dissipation in the fluxes and the TVD limiter, but the ALE scheme gives an excellent resolution of
these high frequency oscillations. Note that the ALE scheme also uses the same TVD limiter but it is still able
to resolve the solution to a very degree of accuracy. This result again demonstrates the superior accuracy
that can be achieved by using a nearly Lagrangian ALE scheme in problems involving interaction of shocks

and smooth flow structures.

5.6.8. 123 problem

The initial condition is given by [Toro9]

(1.0,—2.0,0.4) <05
(psv,p) =
(1.0,42.0,0.4) x> 0.5
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Figure 5.19.: Titarev Problem with HLLC flux, 1000 cells and TVD limiter. (Zoomed Version)

The computational domain is [0, 1] and the final time is 7" = 0.15. The density using 100 cells is shown in
figure (5.20) with static and moving meshes. The mesh motion does not significantly improve the solution
compared to the static mesh case since the solution is smooth. On the contrary, the mesh becomes rather
coarse in the expansion region, though the solution is still well resolved. However, severe expansion may
lead to very coarse meshes which may be undesirable. To prevent very coarse cells, we switch on the mesh
refinement algorithm as described before and use the upper bound on the mesh size as h,,, = 0.05. The
resulting solution is shown in figure (5.21) where the number of cells has increased to 108 at the time shown.
The central expansion region is now resolved by more uniformly sized cells compared to the case of no grid
refinement.

5.6.9. Blast problem

The initial condition is given by

(1.0,0.0,1000.0) = < 0.1
(p,v,p) = 4 (1.0,0.0,0.01)  0.1<z<0.9
(1.0,0.0,100.0) > 0.9

with a domain of [0, 1] and the final time is 7" = 0.038. A reflective boundary condition is used at x = 0 and
x = 1. Amesh of 400 cells is used for this simulation and in case of moving mesh, we perform grid adaptation
with h,,,;,, = 0.001 since some cells become very small during the collision of the two shocks. The positivity
preserving limiter of [ZS10] is applied together with TVD limiter and HLLC flux. The static mesh results
shown in figure (5.23a) indicate too much numerical viscosity in the contact wave around = = 0.6. This wave

is more accurately resolved in the moving mesh scheme as seen in figure (5.23b) which is an advantage due
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Figure 5.20.: 123 problem using HLLC flux and 100 cells: (a) static mesh, (b) moving mesh
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Figure 5.21.: 123 problem using HLLC flux and grid refinement: (a) static mesh, (b) moving mesh with mesh
adaptation (h,,,, = 0.05) leading to 108 cells at final time
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Figure 5.22.: 123 problem using HLLC flux, 100 cells and TVD limiter. ADG : Average Velocity, RDG : Lin-
earized Riemann Velocity

to the ALE scheme and is a very good indicator of the scheme accuracy as this is a very challenging feature
to compute accurately. We next compute the same problem using quadratic polynomials with all other
parameters being as before. The solutions are shown in figure (5.24) and indicate that the Lagrangian moving
mesh scheme is more accurate in resolving the contact discontinuity. The higher polynomial degree does
not show any major improvement in the solution compared to the linear case, which could be a consequence
of the strong shock interactions present in this problem, see figure (4.11-4.12) in [ZS13] and figure (3.7) in

[ZQ16] in comparison to current results.

5.6.10. Le Blancshock tube test case

The Le Blanc shock tube test case is an extreme shock tube problem where the initial discontinuity separates

a region of high energy and density from one of low energy and density. This is a much more severe test

than the Sod problem and hence more challenging for numerical schemes. The computational domain is

0 < z < 9andis filled with an ideal gas with v = 5/3. The gas is initially at rest and we perform the

simulation up to a time of 7' = 6 units. The initial discontinuity is at = 3 and the initial condition is given
by

{(1.0,0.0, 0.1) ifr <3

(pyv,p) = (5.25)

(0.001,0.0,1077) ifx >3

Note that both the density and pressure have a very large jump in the initial condition. The solution that
develops from this initial condition consists of a rarefaction wave moving to the left and a contact discon-
tinuity and a strong shock moving to the right. In Figure (5.26), we show the comparison of the internal
energy profile at final time between a fixed mesh solution and moving mesh solutions with two different
mesh velocities as described before. Most methods tend to generate a very large spike in the internal energy
in the contact region, e.g., compare with Figure (11) in [Louos], while the present ALE method here is able to
give a better profile. We plot the pressure profile in Figure (5.27) which shows that the ALE scheme is able to
better represent the region around the contact wave as compared to fixed mesh method.
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Figure 5.23.: Blast problem using HLLC flux and 400 cells. (a) static mesh, (b) moving mesh with adaptation
(h,in = 0.001) leading to 303 cells at final time.
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Figure 5.24.: Blast problem using HLLC flux, quadratic polynomials and 400 cells. (a) static mesh, (b) moving
mesh with adaptation (h,,,;,, = 0.001) leading to 293 cells at final time.
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5.6. Numerical Results

Figure 5.25.: Blast problem using HLLC flux, 100 cells and TVD limiter. ADG : Average Velocity, RDG :
Linearized Riemann Velocity
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Figure 5.26.: Internal energy for Le Blanc Shock Tube with Rusanov flux, 1400 cells and TVD limiter, ADG :
Average Velocity, RDG : Linearized Riemann Velocity
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Figure 5.27.: Pressure for Le Blanc Shock Tube with Rusanov flux, 1400 cells and TVD limiter, ADG : Average
Velocity, RDG : Linearized Riemann Velocity

5.7. Conclusions

We have developed an explicit DG scheme on moving meshes using ALE framework and space-time expansion
of the solutions within each cell. The near Lagrangian nature of the mesh motion dramatically reduces the
numerical dissipation especially for contact waves. Even moving contact waves can be exactly computed
with a numerical flux that is exact for stationary contact waves. The scheme is shown to yield superior
results even in the presence of large boost velocity of the coordinate system indicating its Galilean invariance
property. The standard Roe flux does not suffer from entropy violation when applied in the current nearly
Lagrangian framework. However, in some problems with strong shocks, spurious contact waves can appear
and we propose to fix the dissipation in Roe-type schemes that eliminates this issue. The method yields
accurate solutions even in combination with standard TVD limiters, where fixed grid methods perform
poorly. The mesh motion provides automatic grid adaptation near shocks but may lead to very coarse cells
inside expansion waves. A grid adaptation strategy is developed to handle the problem of very small or very
large cells. The presence of the DG polynomials makes it easy to transfer the solution during grid adaptation
without loss of accuracy. The proposed methodology is general enough to be applicable to other systems of
conservation laws modelling fluid flows. The basic idea can be extended to multi-dimensions but additional
considerations are required to maintain good mesh quality under fluid deformations.

56



Chapter

6

ALE-DG Methods in Two-Dimensions

In this chapter, we extend the scheme introduced in Chapter 5 to two-dimensional conservation laws. We
first describe a formulation of the conservation laws on a moving domains in Section 6.1. Then we introduce
the concepts of simulation domain, the mesh and the discrete setting for the solution in Section 6.2 and
Section 6.3 respectively. Next, we present a broad overview of the ALE DG algorithm in Section 6.4. Then
we elaborate the details of the components in further sections by presenting the evolution of mesh in a
single time-step in Section 6.5, the numerical scheme inside a single time-step in Section 6.6, and the mesh
adaptation algorithms in Section 6.7. Finally, we present the results of using the ALE DG method to solve
the two-dimensional Euler equations for isentropic vortex in Section 6.8. We describe our conclusions and
future work in Section 6.9.

6.1. The Formulation on Moving Domains

The classical formulation of the conservation laws is based on the assumption that the domain of interest
is fixed in time. The corresponding frame of reference is called the fixed or Eulerian frame of reference.
By contrast, in the moving mesh methods, the domain of interest is allowed to move in time. The classical
fixed-mesh formulation of the conservation laws is not directly applicable to such problems and one needs
to come up with a formulation that is valid on moving domains.

In coming up with such a formulation, one either needs to account for the motion of the domain in the
formulation of the conservation laws in the fixed frame or one can state the problem itself in the moving
frame of reference. A moving frame of reference where the frame moves exactly with the velocity of the fluid
is called the Lagrangian frame. The ALE frame of reference is a moving frame where the velocity of the frame
is arbitrary with respect to the velocity of quantities of interest. In practice, for fluid dynamics problems,
the ALE frame is often chosen to move with velocity close to fluid velocity (almost-Lagrangian).

In this section, we first state the conservation laws on fixed domains in the Eulerian frame, then we define
the ALE frame and state the Reynolds transport theorem. Finally, we derive the conservation laws on moving
domains in the ALE frame.

6.1.1. Conservation Laws on Fixed Domains

Consider an open bounded set 2 ¢ R? with a Lipschitz boundary which is constant in time. Let v denote
the outward unit normal along Q. Let u(x, ), u: R¢ x R* — R", be a function describing the density of
various conserved quantities, let F(x,,u), F: RIx Rt x R" — R¥" F = (F,F,,...,F;)", govern

the rate of change of u(x, ¢) within Q2. One can then assume that the behavior of the quantity u in €2 can be
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6. ALE-DG Methods in Two-Dimensions

described by the integral form of the conservation laws (6.1)

%/u(x,t)dx—k/ff(x,t,u)‘vds:O (6.1)
o9

Q

We can apply the Gauss divergence theorem to the second integral term to get

%/u(x,t)dx—i—/Vx-.’f'"(x,t,u)dx:O (6.2)
Q Q

Next, by noting that the domain is independent of time, we take the time derivative under the first integral

and then substitute it with a partial derivative instead as in (6.3).

/aﬁu(x,t) dx + / Ve F(x,t,u)dx =0 (6.3)
x
Q Q

Finally, since the choice of initial domain €2 was arbitrary, we can convert the integral form to a differential

form and we obtain the conservation law in a PDE form eq. (6.4).

%u(x, )+ V-F(x,t,u)=0 (6.4)

6.1.2. The ALE Frame and Reynolds Transport Theorem

We define the ALE frame by the coordinate system (x, t) where the mapping between the ALE and the
Eulerian coordinates is given by mapping ® where ® is a homeomorphism and differentiable in ¢ almost
everywhere over the interval [T}, 7). The mapping describes the motion of the ALE frame with respect to
the Eulerian frame.

®: QO x [Ty, Ty) — Qy x [T, Ty) (6.5)
(X:1) = @(x,t) = (x,) (6.6)

The velocity of the ALE frame is denoted by w(x, t) and can be defined by (6.7).

_ Ox

=5 . (6.7)

w(X,t)

The determinant of the time-independent mapping of the domain €2, , to €2, , isoften usefulin computing

the change of variables in the integrals. We denote the mapping by J and it is given by (6.8).

J(x;t) = g_x (6.8)
X
The gradient for the mapping ® can be written as (6.9).
se  [TxD wix.)
p— 6-
30 | g “
0 1

The mapping ® is bijective and orientation-preserving if and only if the determinant of the Jacobian of the
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6.1. The Formulation on Moving Domains

mapping P is strictly positive as in (6.10).

detJ(t) >0 Vvt €1]0,T)andx € Q(¢) (6.10)

Aswe will see later, in the context of numerical methods, the maximum time-step size is directly proportion
to det J (t). Therefore, to ensure that the there is minimal time-step size, it is important to ensure that the
det J (t) also has a lower bound as shown in (6.11).

detJ(t) > a>0 vVt € [0,7)and x € Q,(t) (6.11)

Letu € R™ be a physical quantity described by u(x, ) and u(x, t) in the Eulerian frame and ALE frame
respectively. Assume that the mapping ® is bijective and orientation-preserving. Then, the derivatives of

u(x,t) in the Eulerian frame and the ALE frame are related by (6.12).

ou(x,t)
ox

du(x,t)
ot

_ ox ou(x,t)
- [qu(x,t)] & T = [VXU(X, t)]W +

(6.12)

Let ©2(¢) be a physical domain and let 2, (¢) be its description in Eulerian frame. Let u € R" be a physical
quantity described by u(x, ¢) in the Eulerian frame. Then, using the equations of change of variables, we
have the Reynolds transport theorem given by (6.13).

d _ 9 .
S [ ueendx= / [ L ux,t) + Ve [n @ w]| dx 6.13)
Q(t) Q(t)

Here, the term u ® w is the outer product of u and w and satisfies (6.14).

Verluew]=(Veu)w+u-Vw (6.14)

6.1.3. Conservation Laws on Moving Domains

We can now use the Reynolds transport theorem (6.13) to derive the conservation laws on moving domains.
We note that the right hand side of the Reynolds transport theorem is in the Eulerian frame. Therefore, we
can use the PDE form of the conservation laws (6.4) to rewrite the right hand side of the Reynolds transport
theorem in terms of the space derivatives as shown in (6.15).

%/u(x,t)dx: / {—Vx-.’f(x,t,u)Jer-[u@w] dx (6.15)
(1)

Q. (t)

Moving all the terms to the left hand side, we obtain the integral form conservation laws on moving domains

as shown in (6.16).

% / u(x,t)dx + / Vi {?(x,t,u)—[u@w] dx =0 (6.16)
Q. (t) Q. (t)
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6. ALE-DG Methods in Two-Dimensions

6.2. TheMesh Description

Unlike in the case of fixed mesh methods, the mapping between the physical domain, the simulation domain
and the mesh can be quite complex in the case of moving mesh methods. In particular, the behavior of the
three can diverge significantly at the boundaries. In order to keep the treatment simple, in this thesis, we
assume that the boundaries of the physical domain, the simulation domain and the mesh coincide. With
this context, we now describe the spatial simplicial mesh and the spatio-temporal simplicial mesh that we
use in the ALE DG method.

6.2.1. Spatial Simplicial Mesh

In this section, we introduce the concept of a spatial simplicial mesh for a fixed time ¢. We first define the

concept of a simplex and a simplicial complex, and then define a simplicial mesh.

Figure 6.1.: A Simplex Mesh in Two Dimensions

Definition 6.1 (Simplexes, Faces, Edges and Vertexes). Let X be a collection of d + 1 affinely independent
points in R?. Then, a d-dimensional simplex ¢ is the convex hull of a set X of d + 1 affinely independent
points. In particular, 0-simplex is a point, 1-simplex is an edge, 2-simplex is a triangle, and 3-simplex is a

tetrahedron. Furthermore,

1. asimplex is an element of € if it is a convex hull of a non-empty subset of X.

2. avertex of £ is an element of £ of dimension 0.

w

. anedge of { is an element £ of dimension 1.

4. aface of {is an element of £ of dimensiond — 1

We denote the i-th cell in the mesh by K, and the set of all cells in the mesh by % . Similarly, the i-th face
of the mesh is denoted by F; and the set of all faces in the mesh is denoted by % . Finally, the i-th vertex of
the mesh is denoted by v, and the set of all vertexes in the mesh is denoted by 7".
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6.2. The Mesh Description

Definition 6.2 (A Simplicial Complex). A set = of finitely many simplexes ¢ is a simplicial complex if
« = contains every element of every simplex in €.
« For any two simplex &;,&, € 2, &, N &, is either empty or an element of both &; and &,.

Definition 6.3 (Orientation of a Cell). Let K, be a cell in a simplicial complex which is the convex hull of the
subset 7" of vertices 7. Associate a permutation o = (vg, vy, ..., Vq),v; € Vi of the vertices and call
the resultant oriented cell K; ,. Then, one can define an orientation of the simplex K , by the sign of the
determinant of the matrix A (K, ) defined as

A(Ki,o) = |V — Vg Uy —7y - VUg— 7 (6.17)
The orientation of the cell K, , is denoted by sgn(K; ,) and can be defined as
sgn(K; ;) = sgn(det(4,(K;,))) (6.18)

By definition, the orientation can either be positive or negative for a non-degenerate cell.

Definition 6.4 (Simplicial Mesh). Let 7" be a set of points in R%. A d-dimensional simplicial mesh of 7" is a

simplicial complex = such that
« 7 is the set of vertices in =
« The union of all the simplexes in = is the convex hull of 7"
« Orientation of all oriented cells in & € = is positive.

Since all cells have positive orientation, we can drop the orientation subscript and denote all oriented cells

K, , by their unoriented notation K.

A significant aspect of computing meaningful error estimates is existence of classic inverse, trace and
interpolation inequalities on the family of meshes as we improve the resolution of the mesh. An error
estimates that approaches zero as the mesh is refined is a good indicator of the convergence of the numerical
scheme.

The existence of such inequalities is not available in general for an arbitrary simplicial mesh as specified
in Definition 6.4. Instead, one must constrain the mesh further using additional conditions on its geometry.
One such set of conditions that guarantees the existence of such inequalities is the regularity of a family of
simplicial meshes [Ciao2]. In order to define the condition of regularity, we first need to define the diameter

and inradius of a mesh.

Definition 6.5 (Diameter and Inradius of a Mesh). Given a simplicial mesh Z, for any element K € Z, the
diameter of K, h(K) is the circumradius of the element K, while p(K') denotes the inradius of K. The
diameter of the mesh is defined as the maximum of the diameters over its elements while the inradius is
defined as the minimum of all the inradii of the elements of the mesh.

h(Z) = max h(K) p(Z) = min p(K) (6.19)
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6. ALE-DG Methods in Two-Dimensions

Definition 6.6 (Regular Simplicial Mesh). A family of simplicial meshes 5, is called regular if there are

constants o > 0and 7 > O such that foreach = € 5,

(
(

>
m
=
3

) <c T <rT (6.20)

[1]

e

6.2.2. ASpatio-Temporal Simplicial Mesh

Having defined the spatial simplicial mesh, we now define a spatio-temporal simplicial mesh that evolves
with the simulation. As noted before, the goal is to have a mesh that moves with velocities very close to the
fluid velocities and the mesh velocity is constant inside a single time step. Furthermore, the mesh might
undergo topological changes between the time steps but doesn't change inside a single time step. Finally, we
want to describe the behavior of the mesh at the boundaries of the simulation domain.

Without any loss of generalization, we can assume that the simulation is performed in the time interval
[T, Ty] with N time steps ¢, ¢4, ..., t . We denote the time interval of the n-th time stepas I, = [t,,,t,,,1],
i=0,1,..., N — 1with ¢,y = T. There is a possible topological change in the mesh at a time step ¢,,, which
also requires adaptation of the finite element space and the discontinuous Galerkin approximation. For a
given time interval [, , we denote the spatial domain atatimet € I, as 2, (t), and the spatial simplicial

meshatatimet € [, as=, (¢).

ATTENTION!. Note that the spatial domain €2,, and the spatial simplicial mesh =, are defined on the time
interval I, and not at the time-steps ¢,, as is typical in the literature. In the rest of the thesis, the subscript n
will denote the interval of the time-step I,, and not the time step ¢,, themselves.

Given the set of vertices 7", of the spatial simplicial mesh =, , the velocity of the mesh is characterized by
the velocity of the vertices. We denote the velocity of the mesh at the vertex v,, ; € 7", as w,, ;. We assume
that the velocity of the mesh in the interior of a cell K, is a barycentric interpolation of the velocities of
the vertices of the cell. Therefore, the velocity of an arbitrary point x € ,,(t) is given by (6.21) where x is
contained in cell K, (x € K}) and (o;)?_, are the barycentric coordinates of x with respect to the cell K.

w,(x) = Z GW,, i (6.21)

In Section 6.2.1, we assumed that the orientation of the cells in the simplicial mesh is always positive. In
the following theorem, we outline the conditions under which the orientation of the cells is preserved during
the evolution of the mesh inside an interval I ,.

Theorem 6.1 (Preservation of Cell Orientation). Consider a mesh =, in the time interval I,,, such that the
orientation of all elements of the mesh is positive at time ¢,,, that is sgn(K(¢,))) > Oforall K € =,,. Then
mesh preserves its forallt € I, thatissgn(K(¢)) > Oforall K € =, andallt € I, ifforallt € I,,, we

have
||A;{1 (tn)AK(tTH»l)”L’(Rd’Rd) < 6<t) OI‘HA;{l <tn+1>AK<tn)HL(Rd7Rd) < €<t)_1 (6-2‘2)
where
t —1
e(t) = % (6.23)

n
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6.3. The Discrete Setting for the ALE DG Method

As described in Section 6.2.2, the mesh is defined in a spatio-temporal sense in a given time interval.
Therefore, the finite cell space defined over the mesh also needs to be defined in a spatio-temporal sense. For
the ALE DG method, we use a spatio-temporal broken polynomial space to define a finite cell space over
the mesh. We first define a reference space-time cell, and a polynomial space over it. We then define the
spatio-temporal finite cell space over the mesh as a broken polynomial space corresponding to the polynomial
space over the reference space-time cell.

V,=(0,1)

Fo
F1

Vi, =(0,0) T2 VvV, =(1,0)

Figure 6.2.: The reference space-time cell in two-dimensions.

The reference cell is a space time prism with a triangular base given by (6.24) where R is the triangle with

—_—

vertices (0,0), (1,0), and (0, 1) in the z-y plane. We note that for any given space-time cell K'(t) € =(t),
the mapping T (f(\ , K') between the cell and the reference cell is an affine mapping.

R(x 1) = &£{(0,0),(1,0),(0,1)} x [0,1] (6.24)
Given a reference space time cell K, let ¥ (K) denote the space of polynomials in X of degree at most k.

We then define the finite element space over the mesh as a broken polynomial space corresponding to the
polynomial space over the reference space-time cell as shown in (6.25).

Vo(t) = {ve LX) : vl € PHE(),VE(t) € E(t)} (6.25)

6.4. ASketch of the ALE-DG Algorithm

Having defined the mesh and setting of the problem in the previous sections, we now describe the outline of
the ALE DG algorithm for simulation. Individual steps of the algorithms are described in more detail in the
following sections.

We would like to evolve the solution of the conservation laws (6.4) from time ¢ = T, tot = T';. We assume
that we have the initial simulation domain ©(0), a conforming mesh for the domain Z(0) and the initial
condition for the fluid velocity u(x, 0) defined on the simulation domain. We further assume that the
strategy for imposing the boundary conditions for both the simulation domain and the physics is known for

any future time t < T7.
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6. ALE-DG Methods in Two-Dimensions

The simulation follows a time-marching algorithm over multiple time steps till the simulation time reaches

the final time. In each time step, there are three different steps:

4.

We first compute the mesh velocity and the time step.
Once the mesh velocities have been computed, we can evolve the solution of the equation according to
the ALE DG scheme.

. Concurrently, the mesh can also be evolved over the given time step, checked for quality and adaptations

are carried out if needed.

Finally, the solution is adapted to the new mesh.

We would like to note that the steps 2 and 3 of the above algorithm can be carried out concurrently. A

short form of the ALE DG algorithm for the simulation of the conservation laws (6.4) is given by Algorithm 1.

Algorithm 1 The dgale Algorithm

1: procedure DGALE(2(0), =(0), u(0), L)

2:

3:

AN AT

py

n <+ 0,t, < Tf

E,(Ty) « E(Ty)

whilet,, <T,do
Compute the time step At,, and mesh velocity w,, for =,
Evolve the solution u,, (¢) on the time interval I,
Evolve and adapt the mesh from =, (¢,,) to 2, . 1 (,,)
Adapt the solution to the new mesh.
n<n+1
t, —t,  +At,

end while

return = and u(7)

13: end procedure

6.5. TheTime Step and Mesh Velocity

In this section, we describe the algorithm to compute the mesh velocity and the time step for a given time

interval I,,. The mesh velocity also then characterizes the evolution of the mesh in the time interval.

In a moving mesh methods, there are two different constraints that can affect the computation of time

step at any given time in the simulation. The eventual time step used for the time interval is a minimum of

the two time-steps.

1.

Geometric Time Step

The geometric constraint comes from the regularity condition which imposes conditions on the time
step that would ensure the regularity of the mesh. We call the maximum time step that allows for the

regularity to be constrained as the geometric time step.

Physical Time Step

The physical constraint comes from the CFL-like conditions to ensure the fidelity of the simulations.
As we have seen in Chapter 5, making the CFL-like conditions aware of the moving mesh allows one to
make the time-step computations larger than for the fixed mesh simulations. The time step computed

from such considerations is called the physical time step.
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As we can see here, the computation of the time steps depends on the mesh velocity. As we will show
further, the computation of the mesh velocity, in turn, depends on the time step themselves. To break this
cyclic dependency, we generate a conservative approximation for the fluid velocity at the vertex which we
use as the initial guess for our mesh velocity. We use that initial guess to compute the time step, and then we
finally use the resultant time step to compute the eventual mesh velocity. A conservative approximation is
the one that ensures that the computed time step is guaranteed to be less than a time step that would have

been computed taking the eventual mesh velocities in to account.

6.5.1. Approximation to Fluid Velocity at the Vertexes

The DG solution is discontinuous at at the interfaces of the cells, and therefore, at the vertices. Hence,
there is no unique fluid velocity available from our scheme at the vertices. Instead, we can only compute an
approximation for the fluid velocity. The mesh velocity must be close to the local fluid velocity in order to
have a Lagrangian character to the scheme.

Some researchers, especially in the context of Lagrangian methods, solve a Riemann problem at the cell
face to determine the face velocity. Since we use an ALE formulation, we do not require the exact fluid
velocity. Furthermore, following the exact trajectory of the fluid would also lead to curved trajectories for
the grid point, which would contradict one of our core assumptions of the velocity being constant in a single

time interval. In our work, we use the maximum of velocities over the neighboring cells.

W.. —

1

6.5.1.1. Computation of Velocities at the Boundary

The above mentioned methods to compute mesh velocity algorithms are appropriate for the interior vertices.
On the boundary vertices, however, we need to ensure that the mesh velocities accurately reflect the fluid
motion without negatively affecting the mesh motion. In this work, we only deal with periodic boundary
conditions where

For periodic boundaries, the vertex on one boundary is a clone of the vertex on the periodic boundary.
This requires that the velocity computed for the paired vertices should be equal. In order to achieve that, we
generate the list of cells which are neighbors of either of the vertices and then use the average mesh velocity
formula. Let NK,, be the neighbors of the vertex K, and let VK, be the neighbors of the vertex K, K,
where Ky, is the paired vertex. Let NK = NK,, UNK,, , then we have

1
wW=— W (6.27)
T

6.5.2. Computing the Time Step

As already mentioned, computing the time step for the for the moving mesh methods has two constraints,
namely the geometric and the physical time step. The eventual time step is the minimum of the time steps
computed with the two constraints. In this section, we describe the algorithms for computing the two kinds

of time step.
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6. ALE-DG Methods in Two-Dimensions

6.5.2.1. The Geometric Time Step

The geometric time step is an upper bound on time step which ensures that the regularity of the mesh is
maintained. Additionally, for purpose of numerical accuracy, it is generally also desirable to ensure that the
size of the mesh cell doesn't change by more than % times its original size. Finally, we want to allow for large
translations of the cells.

All of these factors can be achieved by making sure that the maximum difference between the distance
traveled by the centroid and the distance traveled by any of the edges is less than 1/4-th of the smallest side
of the triangle. The velocity of the centroid if given by

2
1
W=7 Z w; (6.28)

Let s, be the smallest side of the triangle, then we have the following condition on the geometric time step

S
At< min — 2 (6.29)
02 Tw, —w,]

6.5.2.2. The Physical Time Step

The physical time step is an upper bound on the time step that comes from the CFL-like conditions. For a
cell K, the CFL-like condition can be written down as

At < " (6.30)
max [v(x) — w(x)| + maxc(x)

where r is the inradius of the triangle, v(x) is the fluid velocity, and ¢ is the sound speed.

6.5.3. The Mesh Velocity

Having computed the time step, we can now again compute a mesh velocity that is suitable for ALE simula-
tions. We would want such a velocity to be as close to fluid velocity as possible. However, at the same time,
the variability in the velocity should be low enough to prevent mesh distortion as much as possible.

One of the basic techniques to deal with mesh distortion is smoothing of mesh velocities. The technique
prevents mesh quality from degrading severely in a single time step and hence, allowing mesh adaptation
techniques to repair the mesh before the mesh quality degrades unacceptably. In our work, we use a special
type of mesh velocity smoothing known as Laplacian smoothing

The objective of Laplacian smoothing is to minimize the distance between the position of a vertex and the
position of the centroid of the polygon formed by neighboring vertices.

Let {w”}Y | be the velocity of the vertices of the mesh at time ,, and X?H be the resultant position of
the vertex i obtained from. Let X?H be the average position of the vertexes connected to the i-th vertex.
We would like the x;”l to be close to X?H. Hence, we can choose the mesh velocity to be

7‘z+1 . Xﬁ+1
wl'=aw] + (1 — a)# a € [0,1] (6.31)
The « factor moves X;H_l closer to X?H while the number of steps decrease the distance. We can apply a

few iterations of the above smoothing in order to get a better velocity.
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6.6. The ALE DG Scheme for a Single Time Step

In this section, we introduce the numerical scheme for a single time step I,,. The numerical scheme iterates
over every cell in the mesh and computes the solution at the end of the time step. We first introduce the

notation and terminology to be used in this section.

Notation and Terminology In order to keep the notation manageable, we also introduce some simplifica-

tions along the way. In this section, we restrict ourselves to a single time interval I, = [t,,, t,,, ;] and asingle

cell K, € =,,. We then drop the relevant markers from the notation and assume that the variables are local
to the time interval I, and the cell K, . In particular, we have the following simplifications in the notation.

« The time interval I, is denoted by I and the cell K, is denoted by K.

« The solution in time interval J,, is denoted by u(t) instead of u,, (¢).

« The moments of the solution u in the cell K are denoted as u,,, (¢) instead of u, ,,, ().
« The faces and vertices of the cell K are denoted by F; and V; instead of F}, ; and V, ;.

« The mesh velocity is constant in the time interval I and is denoted by as w(x). The velocity at the

vertex V; is denoted by w,.
» The basis function for the cell K is denoted by ¢,,(x,t) instead of ¢, ,,,(x, ?).

. The Jacobian of the transformation from the reference cell K to the cell K is denoted by J i (t) instead

of J 1 ().

6.6.1. The Semi-Discrete Scheme

We now present the semi-discrete scheme for the ALE DG method. The central idea of the ALE DG method
is to compute the evolution of the moments of the solution in each cell. The moments of the solution in the
cell K. (t) are defined as

1 s | (1) = / u(x, )by, / alx, by (x) 1 (1) dx 6.32)

We can compute the evolution of the moment by computing the derivative of moment with respect to

time and using the Reynolds transport theorem as well as the PDE equation to get

|3K(t)’ d.t 'm / v X t’ u) —uQ® W] ¢7n(xa t)dX (633)

Applying integration by parts, and using the numerical flux to represent the solution at the boundaries,
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we get

% 1 )| 1 (1) = / [F(x,t,0) —u®w] - V,d,,(x,t)dx (6.34)
K(t)
— / H(x,t,u ,ut,w;D)-0o,,(s,t)ds

K (t)

We now integrate this over time to get

tn+1

(o) = | e | / / F (%t 0) — U@ W]+ Ve, (x, £)dx
2% K(t)

rL+1

/ /ﬂxtu ut,wid) o, (s, t)ds

t, OK(t)

7 s

n+1

This is now the semi-discrete form of the scheme. In order to obtain the fully discrete form, we replace

the integrals with quadrature to get

AT wen|

‘gKnJrl ‘

+ZZ o Wy GOt ulw,) - Ve 66 T3]

g=1 c=1 |gK"+1|

3 S e o300 o )

g=1 F9 f=1

w,, (t,)

m( n+1)

We can either solve this equation implicitly or use the predictor approach in a manner similar to the

one-dimensional case.

6.7. Local Mesh Adaption Techniques

Smoothing of velocity can maintain the mesh quality, however, it can destroy the almost-Lagrangian nature
of the mesh motion. In order to maintain almost-Lagrangian, it is necessary to locally change the mesh

topology. One of the methods to do so is the edge swapping methods.
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Vo
(a) Before (b) After

Figure 6.3.: Face Swap

In an edge swap method, we change the connectivity of an edge in order to improve the quality of the
mesh. As can be seen in fig. 6.3, the mesh quality can improve in certain cases due to edge swaps. In order
to figure out the situations in which the edge swaps are favorable, we use various mesh quality indicators.
However, direct usage the mesh quality indicator for swapping can often be suboptimal. This is because,

often, a naive face swap algorithm is not commutative.

Vs Vs
Vs Vs
Vy Vy
Ky K,
Vo Vi Vo Vi
(a) Before (b) After

Figure 6.4.: Local Remesh

Consider that we have a section 2 of the mesh which is locally remeshed as shown in fig. 6.4. Let Kf be
the list of triangles before remeshing and let K be the list of triangles obtained after remeshing. An triangle
R, C Qj isaninterpolation region if R, C K]Q and R; C K, for some j, k. Given a remeshing as shown
above, one can decompose the domain into disjoint interpolation regions { R, } /| such that R; N R; =10
fori # jand UR, = Q. In general, one can always obtain such a region using a constrained Delaunay
triangulation. However, for some special cases, like face swapping and face deletion, it is trivial to obtain
such a region as will be shown later. For the case shown in fig. 6.4, we show one such decomposition in
fig. 6.5.
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6. ALE-DG Methods in Two-Dimensions

Figure 6.5.: Interpolation Regions

Having obtained such a decomposition, the solution transfer can be done as follows. Let u be the solution
over the domain €. u} be the solution in triangle K for all i. We want to obtain the solution in triangle

u}. We have

uim = /u¢§7mdx (6.35)

K}

Now, we know that K 21 = UR; and in each of R, uis a polynomial, and hence we can write

uim = Z/uqﬁimdx (6.36)

R

The integrals can now be evaluated exactly using quadrature rules. The remeshing algorithm now needs to

provide only a description of how the regions are contained the triangles.

6.8. Experiments on Isentropic Vortex

The test case we consider involves an isentropic vortex that is advecting with constant velocity and is a
smooth solution for which error norms can be calculated. The test is carried out on a square domain

[—10, 10] x [—10, 10] with periodic boundary conditions. The initial conditions is an isentropic vortex

(7 - 1)52 61_T2

T=1——75— 6.

Sy (6.37)
1
p=TH1 (6.38)
2

U= Uy, — ﬁyel 2 (6.39)
27
B 1—7‘2

V= Uy — %ye 2 (6.40)

p=p7 (6.41)

withu = 1,v,, = 0,7 = 1.4, 8 = 10. As the solution evolves in time, the mesh becomes quite deformed

because the vortex is continually shearing the mesh, which can lead to degenerate meshes, as shown in
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figure 6.6. With the ALE DG method, we are able to maintain a good mesh quality even after the vortex has
rotated 20 times around its center as shown in figures 6.7. As the vortex is translating, we plot the solution
in a window centered at the vortex center. We can see that the method maintains its high order of accuracy
from the convergence rates of the error shown in table 6.1; using linear basis functions yields second order
convergence while quadratic basis functions lead to third order convergence. We can also see that the error

in the moving mesh method evolves considerably slower than the error in the fixed mesh mesh.

N Fixed Mesh Moving Mesh
Error Rate Error Rate
50X50 2..230e-03 1.225e-03

100X100 | 5.987E-04 | 1.945 | 3.122e-04 | 1.972
200X200 | 1.498E-04 | 1.998 | 8.628e-05 | 1.855

400x400 | 3.786E-05 | 1.984 | 1.894e-05 | 2.187

800x800 | 9.617E-06 | 1.977 | 5.451e-06 | 1.796

Table 6.1.: Isentropic Vortex in 2D: Order of accuracy study on two dimensional mesh

Figure 6.6.: Isentropic Vortex in 2-D: Skewed Mesh without Remeshing ¢ = 2.660534
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(b)

Fa A

i

)

= A

(© (d)

Figure 6.7.: Mesh and at various times ()t = 0 (b)t = 25 (c)t = 50 (d) ¢ = 100




6.8. Experiments on Isentropic Vortex

0.0016 . . .
Fixed Vertex Moving Mesh
Moving Vertex Moving Mesh
0.0014 - Moving Vertex Fixed Mesh
0.0012 |- -
0.001 B
2 0.0008 - .
w
0.0006 |- ]
0.0004 1
0.0002 /‘\/ 1
0 1 1 1
0 5 10 15 20
t
Figure 6.8.: Evolution of L? error for Isentropic Vortex in 2D
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Figure 6.9.: Evolution of L? error for Isentropic Vortex in 2D

6.8.1. Isentropic Vortex with Non-Uniform Mesh

Due to the self-adaption nature of the moving mesh method, it is possible to use a non-uniform mesh to
simulate a translating isentropic vortex. We start with a mesh which is fine near the vortex and coarse
elsewhere. The vortex itself moves over the course of the simulation and we show that the mesh tracks
the vortex. This allows us to concentrate the mesh in places with more features and thus reducing the
computational cost of the code.

In comparison with uniform meshes, the non-uniform mesh only requires 1000 cells in comparison to

uniform mesh's 10,000 cells to achieve a similar accuracy of error of 1.6e — 4. This represents a significant
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reduction in computational costs.

Figure 6.10.: Isentropic Vortex with Non-Uniform Mesh, T" = 0

Figure 6.11.: Isentropic Vortex with Non-Uniform Mesh, 7" = 100

6.8.2. Comparison of Computational Costs between Methods

The moving of the mesh and grid adaptation introduces some computational overhead. In case of smooth
solutions, due to the absence of sharp discontinuities, the quality of solution itself does not significantly
change. Therefore, it is useful to look at the improvement in error against the increased computational cost
for the moving mesh method. For that purpose, we have analysed the time spent by the scheme in different
sections of the code.
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We observe that the velocity smoothing algorithm is the most significant cost for the moving mesh
algorithm and reduces the effectiveness of moving mesh methods for smooth solutions. However, the

problem can be resolved by using non-uniform meshes as shown in Section 6.8.1.

6.9. Conclusions and Future Work

In this part of the thesis, we have developed an explicit single step Discontinuous Galerkin scheme on moving
mesh methods using ALE Framework and space-time expansion of the solutions within each cell. The near
Lagrangian nature of the mesh motion dramatically reduces the numerical dissipation especially for contact
waves. Even moving contact waves can be exactly computed with a numerical flux that is exact for stationary
contact waves in one dimensional simulations.. The scheme is shown to yield superior results even in the
presence of large boost velocity of the coordinate system indicating its Galilean invariance property. The
standard Roe flux does not suffer from entropy violation when applied in the current nearly Lagrangian
framework. The mesh motion provides automatic grid adaptation near shocks but may lead to very coarse
cells inside expansion waves. Furthermore, in two dimensions, the shear flow makes the mesh distorted
and sometimes even degenerate. We fix these problems by using a combination of mesh velocity correction
algorithms and local mesh adaptation algorithms. Due to the local nature of mesh adaptation algorithms
as well as the scheme, the method is embarrassingly parallel. The method itself does not depend on any
physical model, and we expect the method to work for most other physical models. Due to the nature of
algorithms, in the worst case scenario, the algorithms falls back to static mesh method, hence, it is at least

as accurate as a fixed mesh simulation. We can glean the following conclusions from the exploration

« Completely local and explicit higher order ALE DG Methods are feasible for fluid simulations and
provide much better results than fixed mesh methods.

« Itis feasible to use only local remeshing methods to simulate fluid behavior in face of shocks and shear

flows. This is possible while maintaining higher order accuracy and good mesh quality.

« The method behaves extremely well even in situations involving non-uniform grids. This indicates

promising behavior for large simulations.

« The complete decoupling of mesh adaptation from solution evolution in the algorithm is promising,
in that, it separates the physics of the model from the behavior of mesh. This indicates that future
methods tackling different arbitrary physical models won't have to devise new methods for mesh

adaptation, and instead can build on it.

6.9.1. Future Work

There are quite a few avenues to extend for the moving mesh method presented in the thesis along with

some unanswered questions:

« One of the major avenues for exploration is to extend the method to other physical models. The main
challenge is to find the correct mesh velocity algorithms which can work with a variety of different
physical model as well as work with mixed physical models. There is no single answer to this problem,
however, we believe that a combination of better mesh velocity algorithms and mesh adaptation

algorithms, among other measures will be good enough to solve these problems.
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« Even though, there is no apparent coupling of the limiting step with the step of moving in the mesh in

this algorithm, the effect of one on another is quite apparent, and often manifest itself in the higher
modes of the solution. One of the factors which we believe would improve the situation is to have
more accurate predictors for the solution, which will reduce the need to limit the solution. There are
different ways in which this can be achieved, one can use more accurate solutions inside a cell instead
of a predictor to predict the solutions with some minimal input from neighboring cells. Another
possibility is to use machine learning algorithms to predict the solution inside the cell.

« Abig area which has been left unexplored in the thesis is the area of mesh adaptation algorithms. In

effect, we have used extremely rudimentary mesh adaptation algorithms, and those have been quite
successful in the simulations. The advantage of using such rudimentary algorithms is that they are
extremely cheap to use. However, a big disadvantage of these algorithms is the lack of control when
meshes are highly distorted. In such scenarios, it makes sense to fall back to more powerful local
remeshing techniques like constrained Delaunay triangulations. These algorithms will ensure that the

simulation will never fail, and will maintain the accuracy at least as good as a fixed mesh algorithm.

« The local nature of the algorithm allows for a favorable GPGPU based implementation.
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Chapter

7

Introduction

D
Ow+ Y hat(w) =s (7.1)
k=1

Various models of compressible fluid that appear in gas dynamics, biology, astrophysics, or plasma physics
for tokamaks can be unified as (7.1). Here, w: R? x [0, T, ..] — R™ is the vector of conserved variable,
q*(w): R™ x R™isthe fluxands: R? x R x R™ — R™ is a source term. D represents the physical
space dimension and m the number of unknowns. In domains like MHD flows, low Mach Euler equations,
and shallow-water with sedimentation, the model presents several time scales associated to the propagation
of different waves. When the time scale of fast phenomena, which constrains the explicit CFL condition, is
very small compared to the time scale of the most relevant phenomena, it becomes necessary to switch to
implicit schemes. However classical implicit schemes are very costly in 2D or 3D because they require the
resolution of linear or non-linear systems at each time step. In addition, the matrices associated with the
hyperbolic systems are generally ill-conditioned.

In this work, we propose to follow another approach for avoiding the solution of complicated linear
systems. Instead of solving the full fluid model in (7.1) directly, we use the idea from [Cou+16], where we
replace the model with a simpler kinetic interpretation made of of a set of transport equations coupled
through a stiff relaxation terms[ANoo; BGPoo; Grai4]. The resultant kinetic system is then solved by a
splitting method where the transport and the relaxation stages are treated separately.

The one-dimensional version of the work was already presented in [Cou+16]. In this work, we present a
massively parallel implementation of the method in higher dimensions. We particularly focus our presenta-

tion of the massive parallelization of the method with the StarPU runtime system

79






Chapter Task-based Parallelization of an Implicit Kinetic

8

Scheme

In this chapter, we present a task-based parallelization of an implicit kinetic scheme presented in the paper
[Bad+18] (linked here). As mentioned in Chapter 7, the main focus of this work is to present a massively
parallel implementation of the kinetic scheme from [Cou+16] in higher dimensions. In this chapter, we
first show that there exists a general kinetic interpretation of any system of conservation laws. We then
detail an approximation based on discontinuous Galerkin method with an upwind numerical flux and
Gauss-Lobatto quadrature points. We then layout a scheme to parallelize the kinetic ethods effectively using
the task-parallelization techniques supported in the StarPU library. Finally, we present some experimental

results verifying the correctness of the scheme and showing the scaling efficiency of the implementation.

8.1. TheKinetic Interpretation

We consider the following kinetic equation

D
1
Of+> Vo f= (1) -H+g (8.1)
k=1
The unknown is a vectorial distribution function f(x,¢) € R"v depending on the space variable x =
(z'...2P) € RP andtimet € R. g(x,t,f) is a vectorial source term, possibly depending on space, time

and f. The partial derivatives are noted

My

1

FRRR

In other words, (8.1) is a set of n,, transport equations at constant velocities v; = (v}, ...,v"), cou-
pled through a stiff BGK relaxation, and with an optional additional source term. We denoteby V- 0 =

P VF0, the transport operator, and by Nf = (f*/(f) — f) /7 the BGK relaxation term (also called the
**collision” term).

Generally, this kinetic model represents an underlying hyperbolic system of conservation laws. The
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macroscopic conservative variables w(x, t) € R™ are obtained through a linear transformation
w = Pf, (8.2)

where Pis am X n, matrix. Generally the number of conservative variables is smaller than the number of

kinetic data: m < n,,. The equilibrium (or **Maxwellian") distribution f*/(f) is such that
Pf = Pf*9(f),

and

w = Pf, = Pf, = f*I(f,) = f*I(£,), (8.3)

which states that the equilibrium actually depends only on the macroscopic data w. We could have used the
notation f*? = f*¢(w) = f*(Pf), but we have decided to respect a well-established tradition.

When 7 — 0, the kinetic equations provide an approximation of the system of conservation laws

D
Ow+> 04" (w) =s, (8.4)
k=1

where the flux is given by

q"(w) = PV*£4(f).

The flux is indeed a function of w only because of (8.3).

Similarly the source term is given by

s(x,t,w) = Pg(x,t,f*9) (8.5)

System (8.1) has to be supplemented with conditions at the boundary 02 of the computational domain .
We denote by n = (n, ... np) the outward normal vector on 9€2. For simplicity, we shall only consider very
simple imposed and time-independent boundary conditions f’. We note

D
V.n=> Vfn,, V.-n'=max(V-n0), V-n =min(V-n,0).
k=1

A natural boundary condition, which is compatible with the transport operator V - 9, is
V-nf(x,t) =V -n f(x), xcoN. (8.6)

It states that for a given velocity v;, the corresponding boundary data f? is used only at the inflow part of the
boundary.

Let us point out that the programming optimization that we propose in this paper rely in an essential
way on the nature of the boundary condition (8.6). For other boundary conditions, such as periodic or wall

conditions, additional investigations are still needed.
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8.2. Numerical method

8.2.1. Discontinuous Galerkin approximation

For solving (8.1) we shall treat the transport operator V - 0 and the collision operator N efficiently, thanks
to a splitting approach. This allows to achieve a better parallelism. Let us start with the description of the
transport solver.
For a simple exposition, we only consider one single scalar transport equation for f(x,¢) € R at constant
velocity v
o f+v-Vf=0. (8.7)

The general vectorial case is easily deduced.
We consider a mesh M of 2 made of open sets, called ““cells", M = {L,, i =1... N,.}. In the most
general setting, the cells satisfy

(3

Ineach cell L € MM we consider a basis of functions (¢, ;(%));_o_.n,—1 constructed from polynomials of
order d. We denote by h the maximal diameter of the cells. With an abuse of notation we still denote by f

the approximation of f, defined by

N;—1

f(x,t) = Z fL,j<t>90L,j(X)’ x€ L.
=0
The DG formulation then reads: find the f;, 's such that for all cell L and all test function ¢,

/atﬂPL,i - /fV Veor +/ (v-n'f,+v- n frler; =0. (8.8)
L L oL

In this formula (see Figure 8.20):
« R denotes the neighboring cell to L along its boundary L N OR, or the exterior of 2 on L N 0S2.
« n = n; p is the unit normal vector on 0L oriented from L to R.
+ fg denotes the value of fin the neighboring cell Ron 0L N OR.
« If L is a boundary cell, one may have to use the boundary values instead: f5 = f° on 9L N 9.

« v-n'f; +v-n fgisthe standard upwind numerical flux encountered in many finite volume or DG

methods.

In our application, we consider hexahedral cells. We have a reference cell

L=]—1,1[P

and a smooth transformationx = 7, (X),%x € L, that maps Lon L

7.(L) = L.
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OLNOR

Figure 8.1.: Convention for the L and R cells orientation.

We assume that 7, is invertible and we denote by 7/, its (invertible) Jacobian matrix. We also assume that 7;,
is a direct transformation
/
det 7, > 0.

In our implementation 7; is a quadratic map based on hexahedral curved **H20" finite elements with 20
nodes. The mesh of H20 finite elements is generated by gmsh [GRo9].

On the reference cell, we consider the Gauss-Lobatto points (X;);_¢_n,—1, Vg = (d+ 1)? and associated
weights (w;);_._ 1. They are obtained by tensor products of the (d + 1) one-dimensional Gauss-Lobatto
(GL) points on | — 1, 1[. The reference GL points and weights are then mapped to the physical GL points of
cell L by

In addition, the six faces of the reference hexahedral cell are denoted by F., e = 1 ... 6 and the corresponding
outward normal vectors are denoted by n_. A big advantage of choosing the GL points is that the volume and
the faces share the same quadrature points. A special attention is necessary for defining the face quadrature
weights. If a GL point x; € I, we denote by 1 the corresponding quadrature weight on face F,. We also
use the convention that i = 0if X; does not belong to face F. A given GL point X, can belong to several
faces when it is on an edge or in a corner of L. Because of symmetry, we observe that if u$ # 0, then the
weight 1 does not depend on e.

We then consider basis functions ¢, on the reference cell: they are the Lagrange polynomials associated
to the Gauss-Lobatto point and thus satisfy the interpolation property

%’(Xﬂ = 51‘]"
The basis functions on cell L are then defined according to the formula
pri(%) = &i(7 (%)),
In this way, they also satisfy the interpolation property
eri(xp ) = 6;; (8.10)

In this paper, we only consider conformal meshes: the GL points on cell L are supposed to match the GL
points of cell R on their common face. Dealing with non-matching cells is the object of a forthcoming work.

Let L and R be two neighboring cells. Let x; ; be a GL point in cell L that is also on the common face
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between L and R. In the case of conformal meshes, it is possible to define the index j” such that

XL,j - XR,j"

Applying a numerical integration to (8.8), using (8.9) and the interpolation property (8.10), we finally
obtain

N,-1
O friwr,;i — Z v-Vor (%, ) fLwr i+
=0

6
Z 0 (V . ne(XL,i)+fL,i tv- ne(xL,i>7fR,i’) =0. (8.1)

e=1

We have to detail how the gradients and normal vectors are computed in the above formula. Let A be a square

matrix. We recall that the cofactor matrix of A is defined by
co(A) = det(a) (A7H)". (8.12)
The gradient of the basis function is computed from the gradients on the reference cell using (8.12)

1 PPN
- mco(%(xj))v%(xj).

V@L,i (XL j)
In the same way, the scaled normal vectors n_ on the faces are computed by the formula

n (x ;) = co(77, (¥;))n,.

We introduce the following notation for the cofactor matrix

The DG scheme then reads

N, 1
1 N
Ofri— W Z veep Vo) fr et
L,i =0
6
1 -~ ~
o Z“i (v ¢ fr +V'CL,¢n67fR7i/) =0. (8.13)
Lyi e=1

On boundary GL points, the value of f ;/ is given by the boundary condition

b
fR,i’ =f (XLJ)’ Xri = XR,i’-

For practical reasons, it is interesting to also consider fp ;, as an artificial unknown in the fictitious cell. The

fictitious unknown is then a solution of the differential equation
Oy fri = 0. (8.14)

In the end, if we put all the unknowns in a large vector F(t), (8.13), (8.14) read as a large system of coupled
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differential equations
0,F = L,F. (8.15)

In the following, we call L, the transport matrix. The transport matrix satisfies the following properties:

« L,F = 0if the components of F are all the same.

« Let F be such that the components corresponding to the boundary term vanish. Then FL, F < 0. This
dissipation property is a consequence of the choice of an upwind numerical flux.

« In many cases, and with a good numbering of the unknowns in F, L;, has a triangular structure. This
aspect is discussed in Subsection 8.3.1.

As stated above, we actually have to apply a transport solver for each constant velocity v,.

Let L be a cell of the mesh M and x; a GL point in L. As in the scalar case, we denote by f; ; the approxi-
mation of fin L at GL point 7. In the sequel, with an abuse of notation and according to the context, we may
continue to note F(¢) the big vector made of all the vectorial values f;, ; atall the GL points j in all the (real or
fictitious) cells L.

We may also continue to denote by L;, the matrix made of the assembly of all the transport operators for
all velocities v,. With a good numbering of the unknowns it is possible in many cases to suppose that L, is
block-triangular. More precisely, because in the transport step the equations are uncoupled, we see that L,

can be made block-diagonal, each diagonal block being itself block-triangular. See Section 8.3.1.

8.2.2. Palindromictimeintegration

We can also define an approximation N, of the collision operator N. We define by F*?(F) the big vector made
ofall the f*¢(f; ;), L € M,i=0..N;— 1.

We set
1

N,F = =(F°(F) — E). (8.16)
T

Similarly we note G, the discrete approximation of the kinetic source term g.

The DG approximation of (8.1) finally reads
0tF = LhF + NhF + GhF'

We use the following Crank-Nicolson second order time integrator for the transport equation:

At At

exp(AtLy,) ~ To(At) := (1 + 7Lh)(l — 7Lh)*l. (8.17)
Similarly, for the collision integrator, we use
exp(AIN,) ~ Cy(AL) = (I + %Nh)a _ %Nhrl.

Because during the collision step, the conservative variables w = Pf do not change, the collision integrator
is only apparently implicit. We have the explicit formula:

(27 — At)F  2AtF°Y(F)
27 + At 21 + At

Co(AF = (8.18)

The source operator is also approximated by a Crank-Nicolson integrator
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At At
exp(AMG,) = Sy(A1) = (1+ 516, 1~ Bla,) !,
requiring to solve a nonlinear local equation whenever g depends on f.
If 7 > 0, we observe that the operators T, and C, are time-symmetric: if we set Oy = T, , O, = Cy, or
0O, = S,, then O, satisfies

Oy(—At) = O,(At)™,  0,(0) = Id. (8.19)

This property implies that O, is necessarily a second order approximation of the exact integrator [Hai+06;
MQo2] When 7 = 0, we also remark that

Cy(At)E = 2F°Y(F) —F + F

and then C, does not satisfy (8.19) anymore.

For 7 > 0, the Strang formula permits us to construct a five steps second order time-symmetric approxi-

mation
M(A1) = Ty(5h) 8,3 (A0 8,(STL(EE) = exp (AL (L, + N, +58,)) + O(AF),
and a three step one
At At 3
My(A) = Ty(SHC(ANTy () = exp (At (L, +N,)) + O(AF),

in the source-less case.

However this formula is no more a second order approximation of (8.1) when 7 — 0. Indeed, when 7 = 0
M, (0)E = 2F“I(F) — F.

Asexplained in [Cou+16] it is better to consider the following method, which remains second order accurate

even for infinitely fast relaxation:

At At At At At

Mg (At) = Ty(= )Cz( )T(=5- SleAG >2(4)-

By palindromic compositions of the second order method M} it is then very easy to achieve any even
order of accuracy (see [Cou+16]). However, in this paper, we concentrate on the parallel optimization of the
method and we shall only present numerical results at second order for the limit system 8.4. To that end
itis sufficient to use the method M,, as P M, (0) properly converges towards identity on the macroscopic
variable space when 7 — 0.

8.3. Optimization of the kinetic solver

In this section, we describe the optimizations that can be applied in the implementation of the previous
numerical method.
8.3.1. Triangular structure of the transport matrix

Because of the upwind structure of the numerical flux, it appears that the transport matrix is often block-

triangular. This is very interesting because this allows to apply implicit schemes to (8.15) without the costly
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inversion of linear systems [Mou+15]. We can provide the formal structure of L, through the construction
of a directed graph G with a set of vertices 1V and a set of edges & C V x V. The vertices of the graph are
associated to the (real or fictitious) cells of M. Consider now two cells L and R with a common face F 5.
We denote by n; 5 the normal vector on F'; ;; oriented from L to R. If there is at least one GL pointx on F p
such that

n;p(x)-v>0,

then the edge from L to R belongs to the graph ( see Figure 8.2):
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(2) Example of mesh (it is structured here but it is not
necessary) (b) The corresponding dependency graph §

Figure 8.2.: Construction of the dependency graph. Left: example of mesh (it is structured here but it is
not necessary) with 9 interior cells. The velocity field v is indicated by red arrows. We add two
fictitious cells: one for the upwind boundary condition (cell 9) and one for the outflow part of
082 (cell 10). Right: the corresponding dependency graph G. By examining the dependency
graph, we observe that the values of F" ! in cell 0 have to be computed first, using the boundary
conditions. Then cells 1 and 3 can be computed in parallel, then cells 2, 4, and 6 can be computed
in parallel, then etc.

In (8.13) we can distinguish between several kinds of terms. We write

Ofr +Tperfr+ Z Uprfrs
(R,L)e&
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with
| N
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We can use the following convention

I'; ., contains the terms that couple the values of finside the cell L. They correspond to diagonal blocks
of size (d 4+ 1)P x (d + 1)” in the transport matrix L,,. I';, x contains the terms that couple the values
inside cell L with the values in the neighboring upwind cell R. If R is a downwind cell relatively to L then
p;v-Cpn.~ =0andT';, r = 0isindeed compatible with the above convention (8.20).

Once the graph G is constructed, we can analyze it with standard tools. If it contains no cycle, then it is
called a Directed Acyclic Graph (DAG). Any DAG admits a topological ordering of its nodes. A topological
ordering is a numbering of the cells i — L, such that if there is a path from L, to L, in G then j > i. In
practice, it is useful to remove the fictitious cells from the topological ordering. In our implementation they
are put at the end of the list.

Once the new ordering of the graph vertices is constructed, we can construct a numbering of the com-
ponents of F by first numbering the unknowns in L, then the unknowns in L, etc. More precisely, we

set
FkNd+i = ka,i'

Then, with this ordering, the matrix Lj, is lower block-triangular with diagonal blocks of size (d + 1) x
(d + 1)P. It means that we can apply implicit schemes to (8.15) without inverting large linear systems.

As stated above, we actually have to apply a transport solver for each constant velocity v,. In the sequel,
with another abuse of notation and according to the context, we continue to note F the big vector made of all
the vectorial values f;, ;at all the GL points j in all the (real or fictitious) cells L.

We may also continue to denote by L;, the matrix made of the assembly of all the transport operators
for all velocities v,. With a good numbering of the unknown it is still possible to suppose that L;, is block-
triangular. More precisely, as in the transport step the equations are uncoupled, we see that L;, can be made
a block-diagonal matrix, each diagonal block being itself block-triangular.

8.3.2. Parallelization of the implicitsolver

In this section, we explain how it is possible to parallelize the transport solver. Here again we consider
the single transport equation (8.7) and the associated differential equation (8.15). We apply a second order
Crank-Nicolson implicit scheme. We have explained in Section 8.2.2 how to increase the order of the scheme.
We compute an approximation F" of F(nAt). The implicit scheme reads

(I — AtL,)F"™ = (I + AtL, )F". (8.21)
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As explained above, the matrices (I — AtL;,) and (I + AtL;,) are lower triangular. It is thus possible to solve

the linear system explicitly cell after cell, assuming that the cells are numbered in a topological order.

It is possible to perform further optimization by harnessing the parallelism exhibited by the dependency
graph. Indeed, once the values of fin the first cell are computed, it is generally possible to compute in
parallel the values of fin neighboring downwind cells. For example, as can be seen on Figure 8.2, once the
values in cells 0, 1 and 2 are known, we can compute independently, and in parallel, the values in cells 2, 4
and 6.

We observe that at the beginning and at the end of the time step, the computations are " "less parallel”
than in the middle of the time step, where the parallelism is maximal.

Implementing this algorithm with OpenMP or using pthread is not very difficult. However, it requires to
compute the data dependencies between the computational tasks carefully, and to set adequate synchro-
nization points in order to get correct results. In addition, a rough implementation will probably not exhibit
optimized memory access. Therefore, we have decided to rely on a more sophisticated tool called StarPU" for

submitting the parallel tasks to the available computational resources.

StarPU is a runtime system library developed at Inria Bordeaux [Aug+12]. It relies on the data-based

parallelism paradigm.

The user has first to split its whole problem into elementary computational tasks. The elementary tasks are
then implemented into codelets, which are simple C functions. The same task can be implemented differently
into several codelets. This allows the user to harness special acceleration devices, such as vectorial CPU cores,

GPUs or Intel KNL devices, for example. In the StarPU terminology these devices are called workers.

For each task, the user has also to describe precisely what are the input data, in read mode, and the
output data, in write or read-write mode. The user then submits the task in a sequential way to the StarPU
system. StarPU is able to construct at runtime a task graph from the data dependencies. The task graph
is analyzed and the tasks are scheduled automatically to the available workers (CPU cores, GPUs, etc.). If
possible, they are executed in parallel into concurrent threads. The data transfer tasks between the threads

are automatically generated and managed by StarPU, which greatly simplifies the programming.

When a StarPU program is executed, it is possible to choose among several schedulers. The simplest eager
scheduler adopts a very simple strategy, where the tasks are executed in the order of submission by the
free workers, without optimization. More sophisticated schedulers, such as the dmda scheduler, are able to
measure the efficiency of the different codelets and the data transfer times, in order to apply a more efficient
allocation of tasks.

Recently a new data access mode has been added to StarPU: the commute mode. In a task, a buffer of data
can now be accessed in commute mode, in addition to the write or read-write modes. A commute access
tells to StarPU that the execution of the corresponding task may be executed before or after other tasks

containing commutative access. This allows StarPU to perform additional optimizations.

There exists also a MPI version of StarPU. In the MPI version, the user has to decide an initial distribution
of data among the MPI nodes. Then the tasks are submitted as usual (using the function starpu_mpi_insert_-
task instead of starpu_insert_task). Required MPI communications are automatically generated by StarPU.
For the moment, this approach does not guarantee a good load balancing. It is the responsibility of the user
to migrate data from one MPI node to another for improving the load balancing, if necessary.

'http://starpu.gforge.inria.fr
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8.3. Optimization of the kinetic solver

Figure 8.3.: Macrocell approach: an example of a mesh made of five macrocells. Each macrocell is then split
into several subcells. Only the subcells of the top macrocell are represented here (in green).

8.3.3. Macrocell approach

StarPU is quite efficient, but there is an unavoidable overhead due to the task submissions and to the on-the-
fly construction and analysis of the task graph. Therefore it is important to ensure that the computational
tasks are not too small, in which case the overhead is not amortized, or not too big, in which case some
workers are idle.

For achieving the right balance, we have decided not to apply directly the above task submission algorithm
to the cells but to groups of cells instead.

The implementation of the whole kinetic scheme has been made into the schnaps software. schnapsisa
C99 software dedicated to the numerical simulation of conservation laws.

In schnaps we construct first a macromesh of the computational domain. Then each macrocell of the
macromesh is split into subcells. See Figure 8.3. We also arrange the subcells into a regular sub-mesh of
the macrocells. In this way, it is possible to apply additional optimizations. For instance, the subcells L of a
same macrocell £ can now share the same geometrical transformation 7; , which saves memory.

In schnaps we have also defined an interface structure in order to manage data communications between
the macrocells. An interface contains the faces that are common to two neighboring macrocells. We do not
proceed exactly as in Section 8.3.1 where the vertices of graph G were associated to cells and the edges to
faces. Instead, we construct an upwind graph whose vertices are associated to macrocells, and edges to
interfaces. This graph is then sorted, and the macrocells are numbered in a topological order.

For solving one time step of one transport equation (8.21), we split the computations into several elementary
operations: for all macrocell £ taken in a topological order, we perform the following tasks:

1. Volume residual assembly: this task computes in the macrocell £ the part of the right hand side of
(8.21) that comes from the values of finside £;

2. Interface residual assembly: this task computes, in the macrocell £, the part of the right hand side of

(8.21) that comes from upwind interface values;
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3. Boundary residual assembly: this task computes, in the macrocell £, the part of the right hand side of

(8.21) that comes from upwind boundaries values.
4. Volume solve: this task solves the local transport linear system in the macrocell.
5. Extraction: this task copies the boundary data of £ to the neighbor downwind interfaces.

Let us point out that in step 4 above, the macrocell local transport solver is reassembled and refactorized
at each time step: we have decided not to store a sparse linear system in the macrocell for each velocity v;,
in order to save memory. The local sparse linear system is solved thanks to the KLU library [DP10]. This
library is able to detect efficiently sparse triangular matrix structures, which makes the resolution quite
efficient. In practice, the factorization and resolution time of the KLU solver is of the same order as the
residual assembly time.

In schnaps, we use the MPI version of StarPU. The macromesh is initially split into several subdomains
and the subdomains are distributed to the MPI nodes. Then the above tasks are launched asynchronously
with the starpu_mpi_insert_task function. MPI communications are managed automatically by StarPU.

Itis clear that if we were solving a single transport equation our strategy would be very inefficient. Indeed,
the downwind subdomains would have to wait for the end of the computations of the upwind subdomains.
We are saved by the fact that we have to solve many transport equations in different directions. This helps
the MPI nodes to be equally occupied. Our approach is more efficient if we avoid a domain decomposition
with internal subdomains, because these subdomains have to wait the results coming from the boundaries.

In our approach it is also essential to launch the tasks in a completely asynchronous fashion. In this way, if
a MPI node is waiting for results of other subdomains for a given velocity v, it is not prevented from starting

the computation for another velocity v;.

8.3.4. Collisions

In this section we explain how is computed the collision step (8.18). The computations are purely local to
each GL point, which makes the collision step embarrassingly parallel. However it is not so obvious to attain
high efficiency because of memory access. If the values of F are well arranged in memory in the transport
stage, it means that the values of f attached to a given velocity v, are close in memory, for a better data
locality. On the contrary, in the collision step at a given GL point, a better locality is achieved if the values of f
corresponding to different velocities are close in memory. Additional investigations and tests are needed in
order to evaluate the importance of data locality in our algorithm.

In our implementation, we have adopted the following strategy. We have first identified the following

task:

1. Reduction task for a velocity v, : this task is associated with one macrocell £. It computes the contri-
bution to w of the components of f that have been transported at velocity v; with formula (8.2). The
StarPU access to the buffer containing w is performed in read-write and commute modes. In this way

the contribution from each velocity can be added to w as soon as it is available.

2. Relaxation task for a velocity v;: this task is associated to one macrocell £. Once w is known, it
computes the components of f*¢ corresponding to velocity v,. Then it computes the relaxation step

(8.18) for the associated component of f.
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Figure 8.4.: D2Q9 and D3Q27 velocity grids.

In step 2 we can separate the computations for each velocity because the collision term (8.16) is diagonal. Some
Lattice Boltzmann Methods rely on non-diagonal relaxations. It can be useful for representing more general
viscous terms for instance. For non-diagonal relaxation we would have to change a little the algorithm.

We can now make a few comments about the storage cost of the method. In the end, we have to store
at each GL point x; and each cell L the values of f; ; and w; ;. We do not have to keep the values of the
previous time-step, f; ; and w;, , can be replaced by the new values as soon as they are available. In this
sense, our method is " “low-storage". As explained in [Cou+16] it is also possible to increase the time order of
the method, without increasing the storage.

8.3.5. Scalingtest

For all performance tests presented in this section, we used standard models from the family Lattice-
Boltzmann-Method (LBM) kinetic models devised for the simulation of Euler/Navier Stokes systems. We
will not give a detailed description of their properties from the modeling point of view: we simply take
them as good representative of the typical workload of kinetic relaxation schemes. The most relevant
feature impacting the performance of our algorithm is the discrete velocity set of the kinetic model, which
determines the task graph structure of the transport step when combined with a particular mesh topology.
In standard LBM models, velocity sets are usually built-up from a sequence of pairs of opposite velocities
with an additional zero velocity node. On Figure 8.4 we show the two representative velocity sets of the
2D@Q9 and 3D@Q27 LBM models.

8.3.5.1. Multithread performance (D2Q9, D3Q")

We first tested the multithread performance of our implementation for the full (transport + relaxation)
scheme for the standard D2Q9 model. All tests were performed on a single node of the IRMA-ATLAS cluster,
with 24 available cores. We considered several square meshes build-up from 1to 64 macrocells. The number of
geometric degrees of freedom per element has been kept constant with a value of 3375 points per macrocell,
so that the workload per macrocell did not change. For each mesh, we allowed StarPu to use from 1 to the
full 24 cores of the node and measured the total wall time. The results for this first batch of performance
measurements are given in Fig. 8.5. First we verify that for 1 unique macrocell, parallel performance saturates
when the number of cores roughly equals the number of velocities in the model. This is to be expected, as
no topological parallelism can be exploited in that case. Increasing the number of macro-element allows

to take advantage of topological parallelism. For that workload, parallel efficiency saturates at about 80,
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Figure 8.5.: Multithread scaling for the D2Q9 model and a collection of square meshes from 1 to 64 macro-
elements.

which is quite good. On Fig. 8.6, we considered on the same cubic mesh three different models differing
by the number of velocity values. Those cases exhibit a large amount of potential parallelism, due to the
large number of velocities combined with the macrocell decomposition. On an ideal machine, they could in
theory scale perfectly up to 24 cores. The observed saturation, still around 80 efficiency, is still quite good and
comes from the unavoidable concurrency in memory access between the various cores and the scheduling
overhead. It is important to note when considering those results that the bulk of the computational cost
occurs in the transport step of the algorithm: though the collision step forces synchronization between all
the fields corresponding to individual velocities for the computation of the macroscopic fields, its actual
cost is negligible in regard of the transport step.

8.3.5.2. MPIscaling: D3Q15in atorus

Having verified the good multithread performance of our code on a single node, we now check whether
for larger problem sizes the workload can be distributed among several computing nodes. To that end,
accounting for the fact that we aim notably at performing simulations for Tokamak physics, we considered a
toroidal mesh subdivided into 720 macrocells. The workload distribution across nodes was made using a
standard domain decomposition approach: the mesh was partitioned statically into as many sub-domains
as computing nodes, ranging from 1to 4 for our experiment on the IRMA-ATLAS cluster. From an imple-
mentation point of view, the transition from a multithreaded code to a hybrid MPI/multithread one is made
fairly easy by StarPU. When declaring data to StarPU, one simply has to specify the MPI process owning
the data. At runtime, each MPI process hosts a local scheduler instance which acts only on data relevant to
the local execution graph. All MPI communications are handled transparently by the local scheduler when
inter-node data transfers are necessary. In table 8.1 we show the wall time for a hundred iterations of the
full scheme for the D3Q15 model. The number of available threads per node was set to 14, matching the
number of velocities actually participating in transport (there is one null velocity in the model). We observe
a super-linear scaling when the load is spread from 1to 4 node. This is not surprising for such an experiment

with fixed total problem size as both the memory load and size of the local task graph for each decrease when
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Figure 8.6.: Multithread scaling on a 4x4x4 macro-element mesh for models D3Qi5s, D3Q19 and D3Q27

Figure 8.7.: Toroidal macromesh (720 macrocells) - Mesh partitions used in the MPI scaling tests.
the number of sub-domains increases.

8.4. Numerical results

8.4.1. Eulerwith gravity

For this test case we consider the isothermal Euler equations in two dimensions with a constant gravity

source term
0,p + 0, (pu) = 0, 8.22)
8t(puk) + aijj = pPg; (8.23)
with IT = pet iy pugty and g = —ge,.

2 2
PUL U, pe + uy

Nthreads/Nmpi | 1 2 3 4

14 6862 2772 1491 1014

Table 8.1.: Wall time (in seconds) for the D3Q15 model for 1 to 4 mpi processes with 14 threads per process.
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The conservative variables vector is thus w = [p, pu,,, puy]t . The kinetic model is the standard D2Q9 one

with nine velocities

V = Adiag|(0,0),(1,0),(0,1),(—1,0),(0,—1),(1,1),(—1,1),(—1,—1),(1,—1)] (8.24)

and the (3 x 9) projection matrix Preads

111 1 1 1 1 1 1
P=10 X 0 =X 0 X =X =X X[, (8.25)
00 X 0 =X X XA =X =X
Lep=>3_fipu=23fv;

The equilibrium distribution function is given by

(w-v) (wv)’ w-uw
Ji=wp (1 + 2 + 5t o2 (8.26)
with ¢ = A\/V/3, and the weights w, = %, w; = % fori=1,..,4,w, = % fori=5,...,8.
The stationary solution for a fluid at rest in the gravity field is
p=poexp(—gy/c®), u=0 (8.27)

For this test case, the numerical scheme is made up of three stages: a transport step (T), a source step
(S) where the source is applied on the equilibrium part of the distribution function, and the collision step
(C). Due to the absence of explicit time dependency and the linearity in w of the source, the local nonlinear
resolution of the source operator converges in one Picard iteration. All steps are implemented as weighted
implicit schemes, parametrized by a weight 6 and a time stepAt.

2nd

We compared several 1" and 2" order splitting schemes built up from either fully implicit (9 = 1) first

order or Crank-Nicolson (8 = %) steps:
« Lie first order splitting scheme M7 = T} (At)S, (At)C, (At) with first order building blocks.

« Lie first order splitting scheme M7 , = T, (At)S,(At)C,(At) with second order building blocks, for
which the order loss comes from the splitting error.

« a palindromic second order Strang scheme M; = T2(%)SQ(%)CQ(At)SQ(%)TQ(%) .

« acollapsed version of the second order Strang scheme M for which the last transport substep of each
global step and the first transport substep of the next one are fused in a single 7, (At) substep except
obviously for the first and last time steps of the simulation.

We performed time order convergence tests on a 2D square mesh partitioned into 4 x 4 macrocells with
1024 points per macrocell. As shown by Fig. 8.8, we obtain the expected convergence orders for each of the

splitting schemes used.

8.4.2. 2D Flow around a cylinder using a penalization method

In this test case we considered the flow of a fluid in a rectangular duct with a cylindrical solid obstacle. The

simulation domain is the rectangle [—1, 1] x [—5, 5]
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Figure 8.8.: Time order convergence for the 2D Euler gravity test case with D2Q9 model. Convergence is
estimated using the relative L? error e on macroscopic variables with respect to the analytical
solution at?,,,, ~ 0.12. The reference values (At,., €, s) of the logarithmic scale are At, ., =
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The effect of the obstacle on the flow is modeled using a volumic source term of the form

s =K(x)(w—w,), (8.28)

withw, = [1.0,0,0]" the target fluid state in the **solid" part of the domain and the relaxation frequency
K (x) is given by

K(x) = K, exp(—r(x —x,)?), (8.29)

with K, = 300, x, = [—4,0]'and x = 40. The net effect is a very stiff relaxation towards a flow with zero
velocity and the reference density near the center x, of the frequency mask. The effective diameter of the
cylinder for this simulation is about 0.5. The initial state, which is also applied at the duct boundaries for the
whole simulationis p = 1, u, = 0.03, u,, = 0. Accounting for the fact that for this model the sound speed is
1//3, the Mach number of the unperturbed flow is approximately 0, 017. The simulation was performed on
a macromesh with 16 x 16 macrocells stretched with a 1 : 5 aspect ratio to match the domain dimension;
each macrocell contains 12 x 60 integration points. On figure 8.9 we show the vorticity norm at ¢t = 83,

when turbulence is well developed in the wake of the obstacle.

8.5. Conclusion

In this paper, we have presented an optimized implementation of the Palindromic Discontinuous Galerkin
Method for solving kinetic equations with stiff relaxation. The method presents the following interesting
features:

« It can be used for solving any hyperbolic system of conservation laws.

« Itis asymptotic-preserving with respect to the stiff relaxation.
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Figure 8.9.: . Flow around cylindrical obstacle. Vorticity norm |V x u| at ¢ = 83, showing the turbulent field
behind the obstacle.

« Itis implicit and thus is not limited by CFL conditions.
« Despite being formally implicit, it requires only explicit computations.
« Itis easy to increase the time order with a composition method.

« It presents many opportunities for parallelization and optimization: in this paper we have presented
the parallelization of the method with the aid of the MPI version of the StarPU runtime system. In
this way we address both shared memory and distributed memory MIMD parallelism.

Our perspectives are now to apply the method for computing MHD instabilities in tokamaks. We will also
try to extend the method to more general boundary conditions.
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Abstract. We prove that a class of monotone finite volume schemes for scalar conservation laws
with discontinuous flux converge at a rate of v/Az in L', whenever the flux is strictly monotone in
u and the spatial dependency of the flux is piecewise constant with finitely many discontinuities.
We also present numerical experiments to illustrate the main result. To the best of our knowledge,
this is the first proof of any type of convergence rate for numerical methods for conservation laws
with discontinuous, nonlinear flux. Our proof relies on convergence rates for conservation laws with
initial and boundary value data. Since those are not readily available in the literature we establish
convergence rates in that case en passant in the appendix.
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1. Introduction. We prove a convergence rate for a class of monotone, upwind-
type finite volume schemes for scalar conservation laws with discontinuous flux of the
form

w w f(R(@),we =0, (w,0) € R x (0,7),
' u(z,0) = up(z), zeR.

Here, we assume that the flux f is strictly monotone in v and has a discontinuous
spatial dependency through the coefficient k which is piecewise constant with finitely
many discontinuities.

MAIN THEOREM. Let f be strictly monotone in u in the sense that f,, > 0, k
piecewise constant with finitely many discontinuities, and ug € (L' N BV)(R). Then
all monotone finite volume methods with the upwind property which obey the discrete
Rankine-Hugoniot condition across the discontinuities of k converge at a rate of vV Ax
to the unique entropy solution of the conservation law (1.1).

The full theorem is stated in section 5. Our proof uses the Rankine-Hugoniot
condition at the discontinuities of k to break down the problem into finitely many
initial-boundary value problems for each of which we will prove a convergence rate
using the classical “doubling of variables” technique.

1.1. Background on conservation laws with discontinuous fluxes. Prob-
lem (1.1) is of great practical interest in several areas of physics and engineering. In
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particular, it arises in modeling traffic flow on highways with changing road conditions
(see [25]), in the modeling of two-phase flow in a porous medium (see [13, 32]), and
in modeling sedimentation processes (see [11, 7]).

The flux in (1.1) depends on the space variable through a coefficient k& which may
be discontinuous. The dependence can, for example, be of the additive type, i.e.,
fk(z),u) = f(u) — k(z) (see [14]), or of the multiplicative type, i.e., f(k(z),u) =
k(x) f (u) which is more common (see, e.g., [37]). However, for the sake of generality we
do not assume any particular algebraic structure of the flux f(k(x),u) here. The case
we consider in this paper where k is piecewise constant with finitely many discontinu-
ities corresponds to switching from one u-dependent flux function, ¢~ to another,
f®  across a discontinuity & of k. The case when k has just one discontinuity—the
so-called two flux case—given by

(1.2) we+ (H(@)f(w) + (1~ H(2)g(u))s = 0

where H is the Heaviside function was studied in a series of papers by Adimurthi,
Mishra, and Gowda (see [27, 2, 1] and references therein). Most notably, in [2],
the authors showed existence of infinitely many L'-stable semigroups of solutions
to (1.2). We remark that, because of the assumption that k is piecewise constant,
the convergence rate of monotone schemes for (1.2) will be the building block for the
general case of (1.1).

Equations of type (1.1) have been dealt with extensively in the literature from
a purely academic point of view as well as with a specific application in mind. In
[12, 13], Gimse and Risebro calculated solutions for the Riemann problem assuming
convexity of the flux in u and used the solutions to show existence of a weak solution
for the general Cauchy problem with a front tracking algorithm. Other results based
on the front tracking algorithm were obtained in [20, 19, 6, 21, 7], and in [9] with
a time-dependent discontinuous coefficient. Out of the aforementioned results, we
want to highlight [6] from Baiti and Jenssen who proved existence and uniqueness of
entropy solutions in the case that the flux is strictly monotone in « which is the case
we consider in this paper as well.

The first results for finite volume schemes for (1.1) (assuming a multiplicative
spatial dependency) were obtained by Towers in [37, 38]. Specifically, in [37], the
author developed staggered versions of the Godunov and Engquist—Osher schemes
for the case where f is convex in u and k is strictly positive. In [38] similar results
were proved for the case of non-convex fluxes. In [16], Karlsen, Risebro, and Towers
studied (1.1) with an added degenerate parabolic term using an Engquist—Osher-type
scheme and in [17] the authors proved existence of the vanishing viscosity limit using
compensated compactness. In [18], Karlsen and Towers showed convergence of the
Lax—Friedrichs scheme for (1.1) (with a time-dependent discontinuous coefficient).
They were able to handle very general fluxes and sign-changing coeflicients by using
compensated compactness.

A general framework for well-posedness of (1.2) was proposed by Andreianov,
Karlsen, and Risebro in [3].

Lastly, we want to point out that the monotonicity assumption, f,, > 0, we use
in this paper implies that the equivalent system

ut+f(k7u)w =0,
kt:()

is hyperbolic and not resonant; see [37, 38, 19, 20, 21].
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1.2. Background on convergence rates. When dealing with numerical meth-
ods for (1.1), where an approximate solution ua: depends on a grid discretization
parameter Az, having a provable bound of the type

[u(T) — uae(T) |l (r) < CAZ"

—specifying how fast the numerical scheme converges—is highly desirable. Specif-
ically, convergence rates can be used for a posteriori error based mesh adaptation
[39] and optimal design of multilevel Monte Carlo methods [5]. To this date the only
result concerning convergence rates of finite volume schemes for conservation laws
with discontinuous flux is due to Wen and Jin and pertains the most basic case of
the linear advection equation with piecewise constant wave speed that changes across
a single discontinuity [40]. So far, in the nonlinear case, convergence rates of finite
volume schemes for (1.1) are only available in the absence of a spatial dependency,
i.e., k being constant. The main difficulty in obtaining convergence rates when the
flux has a discontinuous spatial dependency is that in this case the classical “doubling
of variables” technique (see [22]) involves both terms with k(z) and terms with k(y).

In the case of a spatially independent flux the seminal paper by Kuznetsov [23]
shows that monotone schemes converge towards the entropy solution of (1.1) without
spatial dependency at a rate of O(v/Az) in L'. This rate was proved for initial data
in (L' UBV)(R), and in this generality the rate O(v/Az) is in fact optimal, as was
shown by Sabac in [34]. There are certain classes of initial data for which higher
orders of convergence for monotone schemes have been shown; e.g., Teng and Zhang
[36] showed a convergence rate of O(Az) for the case of piecewise constant initial
data. See also [33] for a more comprehensive overview of convergence rate results
for (1.1) without spatial dependency.

An alternative approach to convergence rates in the case where the flux only
depends on u was initiated by Nessyahu, Tadmor, and Tassa [28, 29]. The authors
used the Wasserstein distance instead of the L' norm and were able to show that
a large class of monotone schemes converge at a rate of O(Ax) in the Wasserstein
distance for Lip*-bounded, compactly supported initial data. This rate was recently
proved to be optimal by Ruf, Sande, and Solem [33].

Since the proof of our main theorem makes use of convergence rates for conser-
vation laws on bounded domains, it is worth mentioning that Ohlberger and Vovelle
claimed a convergence rate of O(Axl/ %) for conservation laws with initial and bound-
ary data in one dimension [30, page 135]. In our specific case of a strictly monotone
flux, however, we are able to prove a better rate of O(v/Ax).

1.3. Outline of the paper. We have organized the paper in the following way.
In section 2, we will define entropy solutions of (1.1) and show that—when restricted
to a subdomain between two neighboring discontinuities of k—they are entropy so-
lutions of a certain initial boundary value problem with spatially independent flux.
Here the respective boundary datum is given through the Rankine-Hugoniot condi-
tion across a discontinuity of k. In section 3, we describe our finite volume scheme
and show that we can establish a convergence rate of our numerical method for (1.1)
by proving a convergence rate for each of those initial-boundary value problems. In
section 4, we start by considering just one discontinuity of k, i.e., (1.2), and proving
a convergence rate on R~ and R separately. Section 5 contains the statement and
proof of the main result where we use the translation invariance of conservation laws
and the results of the previous section in our main proof. Section 6 describes nu-
merical experiments that illustrate our convergence rate result as well as the class of
fluxes that is covered by our theory. In section 7, we summarize the findings of this
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paper and provide an outlook. Lastly, in Appendix A, we show that—with minimal
changes—our results can be applied to general initial-boundary value problems where
the prescribed boundary datum is arbitrary.

2. Preliminaries. Throughout this paper, we will assume that the initial datum
ug is integrable, bounded, and of finite total variation, i.e., uy € (L' N BV)(R), and
that f is strictly monotone in u, i.e., f, > a > 0. Further, we will denote the
discontinuities of k as &1, ..., En and the interval between two adjacent discontinuities
as D; = (&,&+41),1=0,...,N. Here, we used the notation {; = —oo and {y41 = 0.
Then we can write

fk(z),-) = f(i)(~) for x € D;.

We will consider entropy solutions of (1.1) in the following sense.

DEFINITION 2.1 (entropy solution). We say u € C([0,T]; L*(R)) NL>((0,T) x R)
is an entropy solution of (1.1) if for all c € R

i(/OT /D. (‘u — cilor + sign(u — ¢;) (f(i)(u) - f(i)(ci)) cpm) dz dt
- / lu(z,T) — ¢ilp(z,T) dz + / luo(z) — cilp(z,0)) dz
D

i D;

—/0 sign(u(&i+1—:1) — ¢i) (f(i)(u(£i+1_vt)) - f(i)(Ci)) P(Sit1,t) di

T
+A %Mwéhﬂ—qmﬂwwﬁhm—fmwﬁw@ima20
for all nonnegative ¢ € C*(R x [0,T]). Here, the c¢; are given by co := ¢ and

(2.1) Cit1 = (f(i+1))_1 (f(i)(ci)) fori=1,...,N.

Remark 2.2. Note that, due to the monotonicity of the fluxes f(), the inverse of
f@ used in (2.1) and throughout this paper exists.

Remark 2.3. Note that existence and uniqueness of entropy solutions of (1.1)
are guaranteed by the theory developed by Baiti and Jenssen in [6] using adapted
entropies in the sense above (cf. also [4] where adapted entropies are used as well).
In particular, the traces in Definition 2.1 are well defined (cf. [3, Remark 2.3])

Remark 2.4. Like for conservation laws without (discontinuous) spatial depen-
dency of the flux, a Rankine-Hugoniot-type argument shows that weak solutions
of (1.1) necessarily satisfy the Rankine-Hugoniot condition across all discontinu-
ities &;, i.e.,

(2.2) FO D (u(&—,1) = FD(u(&+. 1)

The following observation is at the heart of the proof of the main result. The en-
tropy solution u of (1.1) can be decomposed as u = Eivzo u® where u(” := ullp,x(o,1
such that u(®) solves
03 W9 4 5O (u<°>) =0, (x,t) € Dyx (0,T),

u(O)('an) = ’LL()(.Z'), HS DO
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and u( solves
u,(f) + f® (u(i))gv =0, (z,t)e D;x(0,7),
(2.4) u(2,0) = ug(z), =€ D;,
uO(et ) = (70) 7 (S WD e 1), te0.1)

fori=1,..., N (cf. Definitions 4.1 and 4.5 below). Note that the boundary condition
on the domain D;, i = 1,..., N, given by the last line of (2.4) reflects the Rankine—
Hugoniot condition (2.2).

Conversely, if u(9) is the entropy solution of (2.3) on Dy and u(?) is the entropy
solution of (2.4) on D; for i = 1,..., N, then the composite function v := Zfzo u(®
is the entropy solution of (1.1) in the sense of Definition 2.1. This can be seen by
adding the entropy inequalities of u(?) and choosing the respective constant in each
entropy inequality in accordance with (2.1).

In the remainder of the paper, we will construct a numerical scheme which sat-
isfies the Rankine-Hugoniot condition (2.2) (or, equivalently, the last line of (2.4))
across the discontinuities of k on the discrete level. This scheme, when restricted to
the subdomain D;, will converge towards the entropy solution on D;. The discrete
Rankine-Hugoniot condition will then allow us to break down the problem of finding
a convergence rate on the whole real line to finding convergence rates on each of the

subdomains D;.

3. The numerical scheme. We discretize the domain Rx [0, T'] using the spatial
and temporal grid discretization parameters Az and At. The resulting grid cells then
are Cj = (xj_1/,Tj415) and C" = (¢",t"*1) for points x;11/, such that z; 1, —
T, = Az, j € Z, and t" = nAt for n = 0,...,M + 1. Note that T' = (M + 1)At.
Further we write C' to denote the rectangle C; x C".

In the following we will assume that the grid is aligned in such a way that all
discontinuities of k lie on cell interfaces, i.e., § = xp,_1/, for some integers P;, i =
1,..., N. In general this can easily be achieved by considering a globally nonuniform
grid that is uniform on each D; and then taking Az = max;—o,. .y Az; where Az; is
the grid discretization parameter in D;. For simplicity, however, here we will assume
that the grid is uniform on the whole real line.

Further, we will consider two-point numerical fluxes F'(u,v) that have the upwind
property such that if f/ > 0, then F(u,v) = f(v). Such fluxes include the upwind
flux, the Godunov flux, and the Engquist—Osher flux. Thus, the numerical scheme we
will analyze is the following:

u;_z+1 =uj — A <f(i)(u;l) — f@ (u?_1)> , n>0, P<j< P, 0<i<N,
1 .
(3.1) uf = Ax/cj uo(z)dz, jeZ,
N1,
u;;j—l _ (f(z)) <f(171) (u?;f_ﬂ)) , n>0,0<i<N,

where A\ = At/Az. We assume that the grid discretization parameters satisfy the
CFL condition

(3.2) max max (f(i)>/ (u)A < 1.
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Note that the last line of (3.1) represents a discrete version of the Rankine—
Hugoniot condition (2.2). Here, we use the ghost cells Cp,, i = 1,..., N to explicitly
enforce the Rankine-Hugoniot condition on the discrete level. While this makes the
numerical scheme (3.1) nonconservative, the convergence result in this paper, cou-
pled with the fact that the limit is conservative, shows that the contribution of the
nonconservative part of the scheme vanishes in the limit.

To get a convergence rate of the numerical scheme (3.1) we decompose the entropy
solution u as u = Zﬁvzo u? where (Y i = 0,...,N, are the respective entropy

. . . N i
solutions on D; and the numerical solution ua; as > ;_, u(Al)t where

i noif (x,t) € CP C D; x C™,
u(A)t(:Jc,t): u? if (@ )6 7 C D;x
0 otherwise.

Then we have

N
() = war sy = 3 [u? (1)~ ufh()

Ly(D;)’

and the problem of finding a convergence rate for ua; can be broken down to finding
convergence rates for u(& on each of the subdomains D;. In the following sections,
we will show that

< CVAz.

@) (Y _ @
Hu @ uAt(T)’Ll(Di)_

Note that convergence of the numerical scheme (3.1) towards the entropy solution of
(1.1) follows from our convergence rate estimate. At this point we want to point out
that instead of assuming f, > 0 our proof can readily be adapted for the case f, < 0.

4. Convergence rates for fluxes with one discontinuity. We will first con-
sider the case where k has just two constant values separated by a discontinuity &,
and for ease of notation we will assume that £&; = 0. Further, we will denote the flux
left of & as g and right of &; as f. In order to get a convergence rate for problem (1.1)
we will derive convergence rates on Dy = R™, on D; = RT, and on (0, L) for L > 0.

4.1. Convergence rate estimates on R™. As a first step we consider the

initial value problem
(1) ur +g(u)e =0, (1) €R™ x(0,T),
' u(z,0) =up(z), zeR”

on R™ with the flux g being strictly monotone and consider entropy solutions in the
following sense.

DEFINITION 4.1 (entropy solution on R™).  We say u € C([0,T];LY(R7)) N
L ((0,T) x R™) is an entropy solution of (4.1) if for all c € R,

T
| [ u=doit latw - s@len dode = [ jute.T) = elete ) da

o Jr- _

T
+ [ Tuo(o) = el 0) da = [ la(u(0-0) = s0)e(0.0)t > 0
- 0

for all nonnegative ¢ € C*°((—0o0,0] x [0,T7]).
Note that here u(0—,t) denotes the limit of u(z,t) as x — 0 from the left.
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As before, we will write C; = (x;_1/5,Zj417,), j € Z, where now x_., := 0. Our
numerical scheme then reads

uptt = = A (g(uf) =g (uf_y)), j <0, n20,

(4.2) 0 1 / )
) — d 0
u; v e, uo(z)dz, j <0,

where A = At/Az satisfies the CFL condition (3.2).
We note that the numerical scheme satisfies a discrete entropy inequality away
from the spatial boundary

(4.3) Dinj +D_q} <0, n>1,7<0
which can be seen by adopting the classical Crandall-Majda arguments in [10, Propo-
sition 4.1] for j < 0. Here, 7 = n(u},c) = |[u} —c|, ¢} = q(u},c) = sign(u] — )
(g(u}) —g(c)) = |g(u}) — g(c)|, and
antl —gn aj —a;_1
Dﬁra" = Ar and D_a; = %

denote standard difference operators.
In order to derive convergence rates we will develop a Kuznetsov-type lemma in
the following. For any function u € C([0, T]; L}(R™)) we define

Luee) = [ [ (u=dontatuop)dedt= [ fu@T) = elole. Ty dr

+ [ @) = clet0)dz = [ atul0-.1).0p(0. 00t

where g(u, ¢) = |g(u) — g(c)| is the Kruzkov entropy flux. Note that if u is an entropy
solution of (4.1), then L(u,c, ¢) > 0 for all ¢ € R and test functions ¢ > 0. We now
take ¢ = v(y, s) and the test function

gﬁ(l',t, Y, 8) = wS(I - y)wfo (t - 8)7

where w,,w,, are standard symmetric mollifiers for €,e9 > 0. Note that ¢, = —¢s,
Lo = _@ya and
(4.4) oz, t,y,s) = oy, t, 2, 8) = p(y, 8,2, 1) = p(x, 5, y,1)
as well as
, C
we(r —y)dy <1, |we(z —y)[dy < —,
R R €
(4.5) T T o
/ we, (t—5)ds <1, / |wl, (t —s)|ds < —
0 0 €0

for all z € R, ¢t € [0,T]. Let now

(4.6) Ac ey (u,v) = /0 /7 L(u,v(y,s), (-, y,s)) dyds.

For functions w € C([0,7]; L}(R™)), we further define the moduli of continuity
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Vt(w,é‘o) = Ssup ||’LU(,t+O’) 7w('7t)||L1(R—)7

|o|<eo

M(w('>t)76) = |51|1<p ||UJ( + Z:t) - w('7t)||L1(R—)-
z|<e

LEMMA 4.2 (Kuznetsov-type lemma). Let u be the entropy solution of (4.1).
Then, for any function v : [0,T] — (L' N BV)(R™) such that the one-sided limits
v(tL) ewxist in Ll, we have

(- T) = o, Tl
/ / / (a(w(0-,0),v(y. 5)) + a(v(0—, 8), u(y, ) (0, £, 3, ) dt dy s
<o = v(-,0)[lLrr-) — Ao (v, 1)
+ C(e +eo+vr(v,e0) + vo(v,e0) + p(v(-, T),€)) + u(v(:, 0),5))>

for some constant C' independent of € and €.
Proof. Using that ¢ = —¢s, ¢z = —¢, and the symmetry relations (4.4) we get
AE;EO (u U)

= Ao (v,u)

/ / /, (Ju(z, T) = v(y, s)| + [v(x, T) — u(y, s)|) ¢(x, T, y, s) dz dy ds

///, (luo(@,t) = v(y, s)| + [v(z,0) — ul(y, s)|) p(,0,y,s) dzdy ds

=B
/ Ia / .00y, ) + a(o(0—1). u(y. £))) (0, ., 5) dt dy ds.

=:C

Since u is an entropy solution we find
0<A o (u,v)=—-A.y(v,u) —A+B-C
and thus
A +C< —Ac o (v,u) +B.

The terms A and B also appear in the case of an unbounded spatial domain and can
be estimated by

A > lu(T) = ol Tl e-)

— 5 (r20) + p(u( T),€) +w2(v,20) + H(o (-, T), )

and
1
B <[jug —v(-,0)[|lLr @) + 5 (vo(u,e0) + p(uo, €) + vo(v,e0) + pu(v(-,0),€)) ;

see [8] or [15] for details. Lastly, due to the Lipschitz continuity in time and the TVD
property (see [15, Theorem 2.15] and [15, Lemma A.1]) the entropy solution of (4.1)
satisfies
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Vo(u, 60), VT(U,&O) < CTV(UQ)EO
and  p(uo,e), plu(- 1)) < TV(ug)e
which completes the proof. 0

In order to derive a convergence rate the next step is to estimate the term
Aa,ao (UAta U)
LEMMA 4.3. The estimate

A At
Aa Eo(uAt7u) < C (A -+ 71‘ + E)
0
holds for some constant C independent of Ax, At e, and €.

Proof. The proof of Lemma 4.3 for conservation laws on the real line can be found
e.g., in [15]. Here, we only need to replace any sum of the form 3272 by Z and
note that the boundary term in space cancels after integration by parts. See also the
proof of Lemma 4.9 in section 4.2 for details. 0

THEOREM 4.4 (convergence rate on R™). Let u be the entropy solution of the
initial-boundary value problem (4.1) and ua: the numerical approzimation given by
(4.2) where we take A constant. Then we have the following convergence rate estimate:

u(-,T) —uae(- T)lLrm-y < CVAz
for some constant C' independent of Ax.

Proof. The numerical solution ua; is Lipschitz continuous in time and TVD and
therefore satisfies

vo(uat, o), vr(uat, €0) < CTV(ug)(eo + At)
and  p(uad(-0),9), p(uae(-T).e) < TV(ug)e.
Thus, taking into consideration Lemmas 4.2 and 4.3, we have

lu(-,T) = uat(- T) L g-)

" / / / (@0, 1), ure(y, 5)) + q(uar0— ), u(y, 5))) 9(0,t,y, s) dt dy ds
0 - JO

A A At
SHU()—’U,At( 0)||L1(R)+C<AI+At+E+EO+x_’.g‘r €>.
0 0

Because of our choice of discretizing the initial datum as u = fc uo(x)dz we
have [[ua¢(+,0) — uoll1r-) < C TV (up)Az. Now, in order to get a convergence rate,
we take A = % constant and minimize the right-hand side of the above estimate for
€ and gg. This yields e = ¢g = \/E, and hence

(4.7)
e T) = e T s
/ | / 0—. 1), use(y, ) + aluar(0— ), u(y, 5))) p(0, 1.y, 5) dt dy ds
< CVAz.

Using the monotonicity of g we find

q(u,v) = |g(u) — g(v)| >0,

and thus the integral term in (4.7) is nonnegative which concludes the proof. 1]
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4.2. Convergence rate estimates on RT. As a second step we now consider
the initial-boundary value problem

us + f(u), =0, (x,t) € RT x (0,T),
(4.8) u(z,0) = uo(x), ze€RT,
u(0,t) = fil (9(u(0—,t)), t€(0,T)

and the numerical scheme
(4.9) Ui = Ay /Cj up(z)dz, j =0,

where the boundary data is given in terms of w(0,—,t) and u",, respectively, and
those are known from the previous section. Note that again we have a discrete entropy
inequality of the form

(4.10) DY +D_q} <0, n>1,j>1.
DEFINITION 4.5 (entropy solution on RT).  We say u € C([0,T];LY(R*)) N

Lo°(RT x (0,T)) is an entropy solution of (4.8) if for all c € R,

T
| u=clee+ 15w = f@len dedt = [ Ju(w. ) = elp(e, ) ds
0 R+ R+
T
+ [ (o) = clip(a ) da+ [ 1£((0+.0) = Fe)lo0.1)dt > 0
for all nonnegative p € C*(]0,00) x [0,T]) and

f(u(0+,1)) = g(u(0—,1))

holds for almost every t € (0,T).

Before we calculate convergence rates on R™ we need two auxiliary lemmas that
are consequences of the monotonicity of the flux.

LEMMA 4.6 (bound on the temporal total variation). If the numerical scheme
(4.9) satisfies the CFL condition (3.2) the temporal variation of the numerical solution
is bounded; specifically, for every j € Z we have

M
Z |u?+1 — uﬂ < CTV(up),

n=0

where TV (ug) refers to the total variation of ug on the whole real line.
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Proof. Let first j > 1. Using the CFL condition (3.2) and the monotonicity of
the flux, i.e., f' > 0, we find that

uj —ui g = A(f(ug) = fuj_y))| = Juf —uj_y = Af' () (uf —uj_y)|
= (L= Af'(u"))uj — uj_4]
= |U;L - U;'Ll‘ - )‘f/(U*)W? - U;Ll‘
= |uf —uf [ = Alf(uf) = f(uf_)l

and hence
uf ™ — W = = = A(f(uf) = fuf)) + A (ufoq) = fu]_s))|

i-
< Juf — gy = A(f(uf) = Fuf)) ]+ ALf (i) = f(uf_s)]
i~

= luj —uj_q[ = Alf(uf) = f(uf_)| + Alf(uf_1) = fuf_,)]
= [0 —up ] = Jup T =]+ e -

where we have used the definition of the numerical scheme (4.9) in the last step.
Taking the sum over n =0,..., M — 1 yields

M-1
Z | n+l n+1| < Z |u —U] 1|_ Z ‘un—&-l n|+ Z |un+1 'r; ,

n=0

where we can cancel equal terms to get

M—-1 M—1
10— < e = X T g X [
n=0

Because of the CFL condition (3.2) we have
] = 3 a) = S = A7)l | <t =

which together with (4.11) yields

M-1
™ — ] < uf =y = D et -]+ Z |uf ) —
n=0
and thus
M
(4.12) Z ‘u?“ ul| < fud —ud_ |+ Z |u”Jr1 ol
n=0

By substituting f with ¢ in the above calculations, the estimate (4.12) also holds for
j < 0. The estimate (4.12) now allows us to bound the temporal variation of the
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numerical scheme by the total variation of the initial datum in the following way. If
Jj > M or j <0 we can use the estimate (4.12) iteratively to get

M J
D e - S [ R VPR VE v B
n=0 i=j—M+1
Using the definition of the scheme (4.9), we get
|U;7M Uj_ O |l =A|f Uj_pp) — fud Uj_pr— 1)’<C/\‘Ug M~ ?71\471
such that we have
M J
Z ’u?“ - uﬂ <C Z ’u? - u?_ll < C'TV(up).
n=0 i=j—M

If on the other hand 0 < j < M we get

M
pITEEHIE S EEES SRR

Using the definition of 2 in (4.9) and applying (4.12) iteratively again, we get

M—j
Z g™t =g = 3| (g th) = £ (g(wny)|
n=0
M—j
C
<= 2 Tt —umy|

such that we have
J
Z |u;-hLl — uﬂ <C Z [ud —ud ;| < CTV(ug)
i=—1—(M—j)

which concludes the proof. O

LEMMA 4.7. Let u be the entropy solution of (4.8), and assume f' > 0. Then
f(u) is Lipschitz continuous in space, in the sense that

T
/ Fu(e.t) — f(u(, )| At < Cle—y|  for all 2,y € R,
0

Proof. Since u is bounded, we can assume that f* > « > 0. Thus the flux is
invertible with Lipschitz continuous inverse. By setting w = f(u) and h = f~! we
find that w satisfies

wy + h(w)y =0, (t,z) € (0,T) x RT.
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By the standard theory for conservation laws (with the roles of x and ¢ reversed)
adapted to the bounded domain [0, 7] we see that w is Lipschitz continuous in z with
values in L1(0,T), i.e.,

T

/0 (e, t)) — Flu(y, )| dt = / iz, £) — w(y, )] dt < Clz — yl;

cf. [15, Theorem 2.15] or [31, Lemma 4]. Note that an application of [31, Lemma
4] requires, in particular, a temporal total variation bound of u(0+,t) which follows
from Lemma 4.6 on a discrete level and carries over in the limit. O

We will now describe how to modify the steps in section 4.1 in order to get a
convergence rate on RT. We start by defining

T
Lwee) = [ Gu=clotatmop)dzdr= [ jue.T) = dpta. T s
T
+ /]R+ luo(z) — clo(z,0) dz +/0 q(u(0+,1),¢)p(0,t) dt

and

T
Moo (u,v) = / / L, 0(y, ), 0, 8)) dy ds,
0 R+

where again ¢ = w. (& — y)we, (t — 5).

LEMMA 4.8 (Kuznetsov-type lemma). Let u be the entropy solution of (4.8).
Then, for any function v : [0,T] — (L' N BV)(R™T) such that the one-sided limits
v(t%) exist in L, we have

[u(,T) = o( Tl @y < lluo = 0 0)llr@e) = Aeeo (v, )

+ C<a +e0 +vr(v,e0) + vo(v,e0) + p(v(-,T),€)) + p(v(-,0), s)))

T T
[ e 0.009) + 0040, ut0.50) 0. 1.5.5) dedyds

for some constant C' independent of € and €.
Note that this time the term involving ¢ is on the right-hand side of the inequality.

Proof. The proof follows the same steps, mutatis mutandis, as the proof of the
Kuznetsov-type lemma 4.2 on R™. ]

LEMMA 4.9. The estimate

A A A
_Aa,Eo(uAtau) S C (AIB + i + i + t)
€ €0 €0

holds for some constant C' independent of Ax, At, e, and €.

Note that the right-hand side of the inequality contains the term @—: which was

not present in Lemma 4.3 but will not change the overall convergence rate.
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Proof. Using summation by parts and the discrete entropy inequality (4.10),
DY + D_q? <0 for j > 1, we find

- L(”Ata u, (P)
M oo
—ZZ(?];L// gptdzdtJrq;L// gpxdxdt>
n=0 j=0 C;L C}L
e} oo M
_Zn;)/ WO da + anvurl/ oM+ dz — qu/ o1y dt
=0 g §=0 Cj n=0

M oo
= Z (Df‘_nj //Cn ot dzdt + D_qj 4 //cn Piri dxdt)

n=0 j=0

oo
< Dl ng //c "t dxdt + ZD—Q?-H //c 0t drdt
o = -

-> D_q} // i da:dt)
j=1 ¢y
M M oo
= Z Ding //C 90n+1 dz dt + Z Z D,q? //C ((pj_1/2 - <pn+1> dz dt,
0 j

X

n=0 n=0j=1

—.Dn —.
=E}

where we have used the notation ¢" = ¢(z,t",y,s) and @11, = @©(Tj11/5,1,9,5).
Concerning the term D™, using summation by parts again, we find

M T
Z / D" dyds
n=0"0 R+
T M
= / / U(JJW—H QM+l da:fng/ oVdz — an/ Dicp" dx dt | dyds.
0o Jr+ Co Co o cn

0

Here, using the boundedness of 1" and the properties of the mollifiers (4.5), the bound-
ary terms can be estimated as follows:

T
/ / néwﬂ oMl dzdyds < CAx
0 Rt SN~~~ Co
<Cluolleo

T
/ / 778/ @V dzdyds < CAz.
0 Rt Co

For the remaining term, we can proceed in the following way:

M7
Z/o /R+ g //c Dicp"dzdtdyds
n=0 v 0

<C|luollos

M T
1
<C //—/// wl (1 — 8)| drwe (2 — y) dz dtdy ds
S Lo [ Lt oldrate - aary

and similarly
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We split the term involving E7* as follows:

M oo M oo -
SyeeS s [[ [ o
n=0;=1 n=0j=1 G i
::F}'
M oo gntl
+ZZ|D7q;’|/// e (2, 7)| dr dzdt .
n=0j=1 Cy /i

::GJ?‘

For the first term, using the properties of the mollifiers (4.5) and the Lipschitz conti-
nuity of f, we find

T M oo
/O /WZZFJ. dyds

n=0j=1
M oo T T
= ZZ\D_qﬂ/ / // / |wl(z — y)| dewe, (t — ) dz dt dy ds
n=0j—1 0 JRTJJCH S,
M oo 2
c ., . Az"At
<D A =
n=0j=1
A
< CTV(ug)=2E
5
and similarly
T M oo
At
/ / > GRdyds < CTV(ug) =
0 JRY =0 j=1 €o

Thus, we have

Az Az At
7A5,50 (uAtu U,) <C (AI’ + 7:1; + i + )
€ €0 €0
which concludes the proof. .

THEOREM 4.10 (convergence rate on RT).  Let u be the entropy solution of
the initial-boundary value problem (4.8) and uay the numerical approzimation given
by (4.9). Then we have the following convergence rate estimate:

lu(-,T) = uae(-, T) L w+) < CVAZ

for some constant C' independent of Ax.

Proof. The numerical solution ua: is Lipschitz continuous in time and TVD (for
the TVD property of conservation laws on bounded domains see [31, Lemma 2]) and
therefore satisfies
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vo(uat,€o), vr(uat,€0) < CTV(up)(eo + At)
and ,UJ(ILAt(',O),E), /L(UAt(',T),E) < TV(U‘O)E
Thus, taking into consideration Lemmas 4.2 and 4.3, we have
lu(-,T) —uae(-, Tl ey < lluo — uwac(s,0) [l r+y

A A At
+C(A:z:+At+s+so+x+z+>+C,
3 €0 €o

where

C= /OT /R+ /OT (q(u(O—i—,t),uAt(y,s)) + q(uAt(O—i-,t),u(y,s)))go(O,t,y,s)dt dyds.

Because of our choice of discretizing the initial datum as ug = ﬁ fc_, up(z) dz we

have [[ua¢(-,0) — uo|lrrr+y < CTV(ug)Az, and thus it remains to estimate the term

C:/OT/1R+ /OT<|f(u(O+,t))—f(uAt(va)”

T Fuad(04,8) — Fluy. s)) )wo,t,y, 5)dt dy ds.
=:J

Here, we split

H < [f(u(0+,1)) = f(uae(0+, 5))| + | f(uac(0+,5)) — f(uae(y, s))] -
H. Ha

Using the Rankine-Hugoniot condition, the term H; can be estimated as follows:

Hy = [f(u(0+,1)) = f(uai(0+, 5))]
= [g(u(0=,1)) — g(uai(0—, s))|
< [g(u(0=,1)) = g(uar(y, )| + 19(uai(y, s)) = g(uar (0=, s))|-

Because H; does not depend on y we can use the symmetry of ¢ with respect to y
and the estimate (4.7) to get

T T
0 R+ JO
T T
= / / / Hl@(oatayas) de dy ds
0 R=JO

T T
S/O /R—/o lg(u(0—,t)) — g(uae(y, s))|(0,t,y,s) dt dy ds
+/0 /]R*~/0 lg(uat(y, s)) — gluae(0—, 5))|¢(0,¢,y,s)dt dy ds
SC\/F%L/() /]R—/o |9(uai(y, 5)) = g(uar(0—,5))|p(0,,y, s) dt dy ds.
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Using the identity

n n 1 n
lg(uiyr) — g(ui)| = X|U?++1l — U]

and setting N = [ <. ], we can employ Lemma 4.6 to estimate the integral term in
the foregoing estimate as follows:

/OT /R— /OT 9(uac(y, s)) — g(uai(0—, s))[e(0,t,y, s) dt dy ds
:i _Zl lg(uf) = g(u” |/ // We, (t — 8)we (y) dt dy ds

n=0j=—N
-1 -2

AA
! ”Cz S S fgluty) - g(u)]

n=0j=—N i=j

—u

‘ L+1 1+1‘

-1 -2 M

AA
BTSN SO i |

j=—N i=j n=0

-1

SCAtAw Z (=)

e
o MAr NN +1)
e 2
< CAt (Aix + 1)
< C(e + Ab).

The term involving Hy can be estimated analogously. Then it remains to treat the
integral involving J. We split J as follows:

I < [f(uae(0+,1) = f(w(0+,5))| + | f(u(0+, 5)) — f(u(y, s))|
J1 J2

and note that the J; is the same as H;. Lastly, with the help of Lemma 4.7 we find

/oT /]R+ /T J20(0,1,y, 5) dt dy ds
:/ /m/ u(0+, ) = f(u(y. 5))le(0,t,y, s) dt dy ds
/ / u(0+,5)) = f(uly, s))| dsdy

<Cly|
C £
< / Iyl dy
€ Jo

< Ce.

Finally, we have
Arx Az At )

u(-,T) —uae(, Ty < C (A,z +At+et+eg+ — + — + -
0 0
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In order to get a convergence rate, again we take A\ = ﬁ—fg constant and minimize the
right-hand side of the above estimate for € and €¢. This yields € = ¢y = v Az which
concludes the proof. ]

4.3. Convergence rate estimates on (0,L). By restricting the solution v and
the numerical approximation ua; to a bounded interval (0, L), Theorem 4.10 and the
estimate (4.7) yield a convergence rate on (0, L). Note that this is only possible since
f is strictly monotone.

COROLLARY 4.11 (convergence rate on (0,L)). Let u be the entropy solution of
the initial-boundary value problem (4.8) on the bounded interval [0,L] and ua; the
numerical approzimation given by (4.9). Then we have the following convergence rate
estimate:

[u(-,T) = uae( T) Lo,y < CVAZ

for some constant C' independent of Ax.

Proof. Without repeating all calculations of sections 4.1 and 4.2 we will highlight
the adjustments to the respective proofs that need to be done. If we consider solutions
on (0, L) instead of R™ the definition of A¢ ¢, (u,v) in 4.6 needs to be adjusted so that
Ac ¢, (u,v) contains the term

/OT /OL /OT q(u(L—,t),v(y, s))e(L,t,y,s)dt dy ds,

and all instances of RT need to be changed to (0,L). Following the proofs of
Theorems 4.4 and 4.10 in the same way finally yields

(4.13)
[u(-,T) —uae(T)Lio,n)
+/O /0 /o (q(u(L,t), une(y, s)) + q(uar(L, t),u(y, s))) ¢(L,t,y,s) dt dy ds
< CVAz.

Using the monotonicity of f we find
q(u,v) = |f(u) = f(v)] 2 0,
and thus the integral term in (4.13) is nonnegative which concludes the proof. ]

5. Statement and proof of the main theorem. Our main result now reads
as follows.

THEOREM 5.1 (convergence rate for conservation laws with discontinuous flux).
Let u be the entropy solution of (1.1) and ua; the numerical solution given by (3.1).
Then we have the following convergence rate:

u(-,T) —uae(, T)|lLr@w < CVA
for some constant C' independent of Ax.

Proof. As before, we decompose the entropy solution u as u = Z?LO u® where
uD, i =0,...,N, are the respective entropy solutions on D;, i.e., solutions of (2.3)
and (2.4), respectively. Further, we decompose the numerical solution ua; as Zi\f:o ug)t
where
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i u? if (.’E,t) ecCr CDZ ch,
ulyy (w,1) = ¢ i
0  otherwise

and u} is given by (3.1). Then we have

N
MO RNGITEEDY |u® ()~ uyr)

Li(D;)

Using Theorem 4.4 for Dy, Theorem 4.10 for Dy, and Corollary 4.11 for each D;,
1=1,...,N — 1, shows that

< CVAz

Oy — D (T ‘
[0 @) — ], <

for i = 0,..., N which concludes the proof. 1]

Remark 5.2. Note that the rate of Theorem 5.1 is optimal in the sense that it
cannot be improved without further assumptions on the initial datum. This can easily
be shown in the same way as in the absence of spatial dependency since the specific
initial datum wug constructed by Sabac in [34] can be chosen in a way such that ug is
supported away from the last discontinuity.

6. Numerical experiments. To illustrate our results we now present two nu-
merical experiments. We consider the “two flux” case

up + (H(z)f(u) + (1 = H(z))g(u)s =0, (z,t) € R x(0,T),
u(x,0) = up(z), = €R,

where H is the Heaviside function. This corresponds to switching from one u-
dependent flux, g, to another, f.

Ezxperiment 1. In our first numerical experiment we choose g(u) = u and f(u) =
u”/2 such that we switch from the transport equation to the Burgers equation across
2 = 0. The initial datum we consider for Experiment 1 is

@) 0.5 ifz<—0.5,
Ugl\xr) =
0 2 ifzr>-05

which is chosen such that the Rankine-Hugoniot condition at x = 0 gives u(0—,t) =
u(0+,t) before the jump at x = —0.5 interacts with the interface. Figure 1 shows
the numerical solution calculated with the scheme (3.1) with open boundaries in blue

1 S 1 2f - R ] 1
1k . 4 1k . 4 1k . .
0.5 - : | o5 : | o5l : | B
-1 0 1 1 0 1 1 0 1

(a) t = 0.3, (b) t = 0.6. () £ =0.9.

Fi1G. 1. Numerical solution of Experiment 1 with Ax = 2/64 at various times.
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and the initial datum in gray (dashed line) at various times (before, during, and after
interaction with the interface). We used Az = 2/n with n = 64, end time 7' = 0.9, and
A = 0.5. We clearly recognize the characteristic features of the transport equation
and the Burgers equation here as the upward jump in the initial datum is transported
to the right as a shock until it crosses the interface at x = 0 where the shock, as it
enters the Burgers regime, subsequently becomes a rarefaction wave.

Ezperiment 2. In our second numerical experiment we choose g(u) = u”/2 and
f(u) = u such that we switch from the Burgers equation to the transport equation
across = 0. The initial datum we consider is

ug(x) = 2 + exp(—100(z + 0.75)?).

Again, the offset of the initial datum is chosen in a way such that the Rankine-
Hugoniot condition at & = 0 gives u(0—,t) = u(0+,t) before the nonconstant part of
ug interacts with the interface. Figure 2 shows the numerical solution calculated with
the scheme (3.1) with open boundaries in blue and the initial datum in gray (dashed
line) at various times (immediately before, during, and after interaction with the
interface). We used Az = 2/n with n = 128, end time 7' = 0.5, and A = 0.2. We clearly
recognize the shock formation due to the Burgers regime to the left of the interface (see
Figure 2(a)). Note that—although difficult to see in Figure 2(c) because of numerical
diffusion—the shock is preserved over the interface (only with a different profile).
Table 1 shows the observed convergence rates of the solution at time 7" = 0.9 for
Experiment 1 and at time 7" = 0.5 for Experiment 2 for various values of Az. As
a reference solution, we used a numerical solution on a very fine grid (n = 2048) in
both cases. As expected from experience in the case of spatially independent flux we
observe convergence rates strictly between 1/2 and 1 (cf., e.g., [24, clawpack software]).

(a) t =0.2. (b) ¢ = 0.3. (¢) t =0.5.

F1G. 2. Numerical solution of Experiment 2 with Ax = 2/128 at various times.

TABLE 1
L' error and observed order of convergence for Experiments 1 and 2.

n L! error L! O0C n L! error L! O0C

16 1.751 x 10~ 1 - 16 2.771 x 10~1 -

32 1.256 x 10—t 0.48 32 1.823 x 107! 0.60

64 8.865 x 10~2 0.50 64 1.261 x 10~1 0.53

128  5.918 x 10~2 0.58 128  8.390 x 10~2 0.59

256 3.637 x 102 0.70 256 5.125 x 1072 0.71

512 1.978 x 102 0.88 512 2.780 x 102 0.88
1024  8.145 x 103 1.28 1024 1.132 x 102 1.30
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7. Conclusion. Scalar conservation laws with discontinuous flux frequently oc-
cur in physical applications, and several numerical schemes have been considered in
the literature. In contrast to the case where the nonlinear flux does not have a spatial
dependency, however, convergence rate results for monotone finite volume schemes
have not been available until now.

In this paper, we have established a convergence rate for upwind-type finite vol-
ume methods for the case where f is strictly monotone in u and the spatial depen-
dency k is piecewise constant with finitely many discontinuities. The central idea of
this paper is to split the problem into finitely many conservation laws between two
neighboring discontinuities of & and thus get a convergence rate as a consequence
of convergence rates on bounded domains. Here, the novel feature of this paper is
the strong bound on the temporal total variation of the finite volume approximation
which allows us to estimate the boundary terms in space at the discontinuities of &
that appear when applying the classical Kuznetsov theory to problem (1.1).

As an outlook we name four possible directions of future research. A first direction
would be to extend the convergence rate result of this paper to the cases where k is
not piecewise constant and f is not monotone. Second, it might be interesting to
investigate convergence rates of monotone schemes in the Wasserstein distance. In
the case of spatially independent fluxes, convergence rates in the Wasserstein distance
are well-understood due to Nessyahu, Tadmor, and Tassa [28, 29]. A third direction
of future research might be to see whether the results of this paper can be extended
to monotone schemes in conservation form, i.e., where the definition of u’},:rl in (3.1)
is replaced by u”Jrl = — MO (up ) — fo- 1)(up _1)). Lastly, convergence rates
of the front tracklng method for conservatlon laws with discontinuous flux are highly
desirable as well. In the case of spatially independent fluxes, convergence rates of
the front tracking method are known in L' due to Lucier [26] and in the Wasserstein
distances due to Solem [35].

Appendix A. Convergence rate estimates for general initial-boundary
value problems. With the techniques developed in this paper, we can also derive
a convergence rate for the initial-boundary value problem

u + f(u), =0, (z,t) € (0,L) x (0,T),
(A1) u(x,0) = up(x), =z € (0,L),
u(0,t) = a(t), te€(0,T)

and the numerical scheme

= M) = S 521020

j
uj s /Uo )dx, >0,

ug = At a(s)ds, m>1.

Here we need to assume that a € (L'NBV)(0, T') which allows us to use the total vari-
ation of a directly instead of crossing the discontinuity in Lemma 4.6. The assertion
of Lemma 4.6 should then read

M
> Jultt —ul| < C(TV (ug) + TV(a))
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which can be used at the same place Lemma 4.6 is used in Theorem 4.10. Hence,
Corollary 4.11 gives the convergence rate O(v/Az) for the general initial-boundary
value problem (A.1). Note that this is a higher rate than the O(Az"/*) rate mentioned

in [30].
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MULTILEVEL MONTE CARLO FINITE VOLUME METHODS FOR RANDOM
CONSERVATION LAWS WITH DISCONTINUOUS FLUX

JAYESH BADWAIK!, CHRISTIAN KLINGENBERG!, NILS HENRIK RISEBRO?
AND ADRIAN M. RUF%*

Abstract. We consider conservation laws with discontinuous flux where the initial datum, the flux
function, and the discontinuous spatial dependency coefficient are subject to randomness. We establish
a notion of random adapted entropy solutions to these equations and prove well-posedness provided
that the spatial dependency coefficient is piecewise constant with finitely many discontinuities. In
particular, the setting under consideration allows the flux to change across finitely many points in
space whose positions are uncertain. We propose a single- and multilevel Monte Carlo method based
on a finite volume approximation for each sample. Our analysis includes convergence rate estimates of
the resulting Monte Carlo and multilevel Monte Carlo finite volume methods as well as error versus work
rates showing that the multilevel variant outperforms the single-level method in terms of efficiency. We
present numerical experiments motivated by two-phase reservoir simulations for reservoirs with varying
geological properties.
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1. INTRODUCTION

This paper concerns uncertainty quantification for conservation laws with discontinuous flux of the form

us + f(k(z),u), =0, z€R, t>0, (1)

u(z,0) = up(z), = eR. '
Here, u: R x [0,00) — R is the unknown and f € C?(R?;R) is the flux function having a possibly discontinuous
spatial dependency through the coefficient k. In particular, we will assume that the initial datum wug is in
(L* N BV)(R), the flux f is strictly increasing in u, and the coefficient k is piecewise constant with finitely
many discontinuities. Going back to (1.1), this amounts to switching from one u-dependent flux to another
across finitely many points in space.
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Equations of type (1.1) arise in a number of areas of application including vehicle traffic flow in the presence
of abruptly varying road conditions (see [35]), polymer flooding in oil recovery (see [48]), two-phase flow through
heterogeneous porous media (see [22,23,44]), and sedimentation processes (see [9,14]).

Even in the absence of flux discontinuities, and even if the initial datum is smooth, solutions of (1.1) develop
discontinuities in finite time and for this reason weak solutions are sought. Weak solutions to (1.1) are not
unique, so the weak formulation of the problem is augmented with an additional entropy condition. In the case
where © — f(k(z),u) is smooth, uniqueness follows from the classical Kruzkov entropy conditions [33]. In the
presence of spatial flux discontinuities, standard Kruzkov entropy conditions no longer make sense. This difficulty
is usually resolved by requiring that Kruzkov entropy conditions hold away from the spatial flux discontinuities
and imposing additional jump conditions along the spatial interfaces [1,4,5, 14,21, 22, 26,29, 30, 49, 50] or by
adapting the Kruzkov entropy conditions in a suitable way [6-8,42,46,51]. In the present paper we will focus on
the second approach of so-called adapted entropy solutions for which we need to require that the flux function
f is strictly monotone in w.

In the last two decades, there has been a large interest in the numerical approximation of entropy solutions
of (1.1) under various assumptions on k and f. We refer to [3,4,9, 10, 12,20-22,25-28, 30, 31, 37,49, 50, 55| for
a partial list of references regarding finite volume methods respectively the front tracking method. Specifically,
in the adapted entropy framework we want to highlight the results of [7,8,15-17, 42,46, 51] regarding finite
volume methods and the front tracking method. We refer to [5,7,46] for an overview of the literature concerning
conservation laws with discontinuous flux.

The classical paradigm for designing efficient numerical schemes assumes that data for (1.1), i.e., the initial
datum ug, the flux f, and the spatial dependency coefficient k, are known ezactly.

However, in many situations of practical interest, there is an inherent uncertainty in the modeling and
measurement of physical parameters. For example, in two-phase flow through a heterogeneous porous medium
the position of the interface between two rock types is typically not known exactly. Often these parameters are
only known up to certain statistical quantities of interest like the mean, variance, or higher moments. In such
cases, a mathematical framework of (1.1) is required which allows for random data.

For standard conservation laws without spatial flux dependency, i.e., for

u+ f(u), =0, zeR, t>0, 12
u(z,0) = uple), zER (12)
such a framework was developed in a series of papers allowing for random initial datum [38], random (spatially
independent) flux [41], and even random source terms [39] and random diffusion [32].

The first aim of the current paper is to extend this mathematical framework to include scalar conservation
laws with discontinuous fluz with random discontinuous spatial dependency. To that end, we define random
entropy solutions and provide an existence and uniqueness result, which generalizes the well-posedness results
for (1.2) to the case of uncertain initial datum, flux, and discontinuous spatial dependency. In particular, our
framework allows for uncertain positions of the flux discontinuities.

The second aim of this paper is to design fast and robust numerical algorithms for computing the mean of
random entropy solutions of comservation laws with discontinuous flux. Specifically, we propose and analyze
a multilevel combination of Monte Carlo (MC) sampling and a “pathwise” finite volume method (FVM) to
approximate the mean of random entropy solutions of conservation laws with discontinuous flux. The multilevel
Monte Carlo finite volume method (MLMCFVM) for (1.1) is non-intrusive (in the sense that it requires only
repeated applications of existing solvers for input data samples), easy to implement and to parallelize, and well
suited for random solutions with low spatial regularity. Solutions exhibiting spatial discontinuities are generic for
conservation laws and, in particular, for conservation laws with discontinuous flux. This reduced regularity poses
some challenges to the design of efficient so-called stochastic Galerkin methods for example which are based
on generalized polynomial chaos. These methods are well-developed for conservation laws — albeit without flux
discontinuities — (see [2,11,36,43,52,54] and references therein), but they are more intrusive, generally harder to
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implement and to parallelize. Thus, in the present paper, we focus on the design and mathematical analysis of
statistical MC-type methods. Our analysis includes the proof of convergence rates at which the MCFVM and the
MLMCFVM converge towards the mean of the random entropy solution of (1.1). The analysis is complicated by
the fact that adapted entropy solutions of (1.1) do not possess the same stability properties as entropy solutions
of (1.2). Moreover, we determine the number of MC samples needed to minimize the computational work for a
given error tolerance.

We want to emphasize that the framework of adapted entropy solutions and more specifically the setting of
the present paper is currently the only setting for which we simultaneously have existence [51], uniqueness [6],
stability with respect to the modeling parameters [46], and numerical methods with a provable convergence rate
[7,46] — the essential components for an uncertainty quantification framework (cf. [41]).

The remainder of this paper is organized as follows. In Section 2 we introduce preliminary results regarding
the MC approximation of Banach space-valued random variables. Section 3 is devoted to a review of existence
and stability results regarding entropy solutions of (deterministic) conservation laws with discontinuous flux
of the form (1.1). In Section 4 we introduce random entropy solutions of (1.1) where the initial datum wg,
the flux f, and the discontinuous coefficient k£ are subject to randomness. In particular, we prove existence
and uniqueness of random entropy solutions. In Section 5, we first review a FVM which was introduced in [7]
for the deterministic problem, prove certain stability estimates, and then extend the FVM to MC as well as
MLMC versions for (1.1) with random parameters. In Section 6 we perform numerical experiments motivated by
two-phase reservoir simulations for reservoirs with varying geological properties to validate our error estimates.
Finally, we summarize the findings of this paper in Section 7.

2. PRELIMINARIES ON THE MONTE CARLO METHOD

We first introduce some preliminary concepts which are needed in the exposition. To that end, we follow
[34,53], see also Section 2 of [32] and Section 5 of [13].

Given a probability space (€2, F,P), a Banach space V', and a random variable X : 2 — V we are interested
in approximating the mean E[X] of X via Monte Carlo sampling. To this end, let (X9)M  i=1,..., M, be M
independent, identically distributed samples of X. Then, the Monte Carlo estimator Ej;[X] of E[X] is defined
as the sample average

1 .,
En[X] =5 ;X
We are interested in deriving a rate at which
1
ELX] = En[X]llLo ) = EIIEX] = Ex (X7 ]

converges as M — oo for some 1 < ¢ < oo and some Banach space V' (typically a Lebesgue space). For general
Banach spaces V such convergence rate estimates depend on the type of the Banach space.

Definition 2.1 (Banach space of type ¢ [34], p. 246). Assume that Q permits a sequence of independent

Rademacher random variables Z;,7 € N. We say that a Banach space V is a Banach space of type 1 < g < 2 if
there is a constant k£ > 0 such that for all finite sequences (x;)}, C V

M a g M 2
=1 \%4 i=1

We will refer to x as the type constant of V.
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Every Banach space is a Banach space of type 1 and every Hilbert space a Banach space of type 2 ([34], Thm.
9.10). Moreover, LP spaces are Banach spaces of type ¢ = min(2,p) for 1 < p < co ([34], p. 247). We will need
the following results regarding Lebesgue spaces of functions with values in a Banach space of type q.

Lemma 2.2 ([34], p. 247). Let 1 <r < oo, (Q, F,P) be a measure space, and V be a Banach space of type q.
Then the space L™ (2, V) is a Banach space of type min(r,q).

Proposition 2.3 ([34], Prop. 9.11). Let V be a Banach space of type q with type constant . Then, for every
finite sequence (X;)M, of independent mean zero random variables in LI(Q, V), we have

M
DX
i=1

Corollary 2.4 ([32], Cor. 2.5). Let V be a Banach space of type q with type constant k and let X € LI(Q; V)
be a zero mean random variable. Then for every finite sequence (X;)M, of independent, identically distributed

E

4 M
] < (28)1) E[IXl7]-
v

=1

. . . D
random variables with zero mean and with X; = X, we have

M q

1
3 2=

E|Em[X]IIV] =E [ .

] < (26)" MR [IX]I)
14

We can use Corollary 2.4 to derive a convergence rate of the Monte Carlo estimator in LI(Q2;LP(R)) for
random variables in L"(€2; LP(R)).

Theorem 2.5. Let 1 < r,p < oo and X € L"(;LP(R)), then for ¢ := min{2,p,r} we have the Monte Carlo
error estimate

IELX] — Ex (X o@urmy < CM 71X Lo ) -

In particular, if p,r > 1 (and thus ¢ > 1) the Monte Carlo estimator En[X] converges towards E[X] in
L(Q; LP(R)).

The proof of this theorem is an adaptation of Theorem 4.1 from [32].

Proof. We have

||]E[X] - EM[X]”%q(Q;Lp(R)) =K

L7 (R)

If we define Y = E[X] — X and Y; = E[X] — X we see that Y is in L"(Q; L?(R)) with zero mean and Y; are i.i.d.
random variables with zero mean satisfying Y; Z Y. Therefore, we can apply Corollary 2.4 since L"(Q; LP(R))
is of type min(2,r,p) and LP(R) is of type min(2, p) and thus in particular also of type min(2,r, p). Hence,

M 4q

3 )

i=1

E < (20)TMYE [JELX] - X |, )]

L»(R)
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where £ is the type constant of LP(R). It remains to show E [||E[X] — X||%p(R)] <CE [HXHQL,,(R)] This follows

from standard estimates and Jensen’s inequality in the following way:
E [IELX] - X|1{5 )| < CE [IEX]I g + 1X] )

<0 ((E[1XIpiw])” +E[1X o))
<CE [IIXIIEMR)} :
0

Note that Corollary 2.4 and Theorem 2.5 do not imply convergence if ¢ = 1, i.e., if r or p are equal to 1 in
the latter case.

3. DETERMINISTIC CONSERVATION LAWS WITH DISCONTINUOUS FLUX

In this section, we present the main existence and stability results for deterministic conservation laws with
spatially discontinuous flux from [8,46,51].
We consider the Cauchy problem for conservation laws with discontinuous flux of the form

ug + f(k(z),u), =0, z€R, t>0 o)
u(z,0) =uo(z), z€R. :
Here, we require that f, k, and ug satisfy the following;:

Assumption 3.1. We assume that the fluz f € C?>(R?;R) is strictly monotone in u in the sense that f,, > o > 0,
and that f(k*,0) = 0 for all k* € R. Furthermore, we assume that k is piecewise constant with finitely many
discontinuities and that the initial datum ug is in (L NBV)(R).

In the deterministic setting, we consider entropy solutions in the following sense (cf. [6,8]). For p € R we
define the function ¢,: R — R through the equation

fk(z), cp(x)) = p, for all z € R.

Since f, > « > 0 this equation has a unique solution for each x € R. Note that in the case of piecewise constant
k the function ¢, is piecewise constant as well.

Definition 3.2 (Entropy solution). We say u € C([0,T]; L}(R))NL>((0,T) x R) is an entropy solution of (3.1)

if
/0 / (I — cp(@) 0 + s — cp(@)) (k) w) — F(RE), cp(x)))ips) da
- / lu(z, T) — e ()]l T) da + / o () — cp/(x) o (,0) dz > 0

for all p € R and for all nonnegative ¢ € C*(R x [0,T]).

Note that a Rankine-Hugoniot-type argument shows that across a discontinuity £ of k the entropy solution
u satisfies the Rankine—Hugoniot condition

FE(E=),u(é—,t)) = f(k(E+),u(+,1)) for almost every ¢ € (0,7) (3.2)

where k(¢F) and u(£7F, -) denote the left and right traces of k respectively u both of which exist due to Remark 2.3
of [5]. In our subsequent analysis we will rely on the following two results concerning existence and stability of
entropy solutions.
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Theorem 3.3 (Existence and uniqueness of entropy solutions [7,8,51]). Let f, k, and ug satisfy Assumption 3.1.
Then there exists a unique entropy solution u of (3.1) which satisfies

e Dl iy < L e (33
TV (u(-,t)) < C(TV(k) + TV (up))
for all0 <t <T and
TVio,r(u(z,-)) < CTV(up)

for all x € R. Here Cy denotes the maximal Lipschitz constant of f and « is as in Assumption 3.1.

Proof. The existence and uniqueness statement follows from the theory developed by Baiti and Jenssen [8]. The
L*> and TV bounds follow from Theorem 1.4 of [51] and Lemma 4.6 of [7]. O

Theorem 3.4 (Stability of entropy solutions [46]). Let f,k, and ug satisfy Assumption 3.1 and u be the cor-
responding entropy solution of (3.1). If v is the entropy solution of (3.1) with flux g, coefficient I, and initial
datum vg satisfying Assumption 3.1 then for all0 <t <T

lu-t) = v( )l ey < o = vollp gy + C (Ik = Ul @) + [1fu = gulle m2m)) - (3.4)
In particular, entropy solutions of (3.1) satisfy
) sy < ol
forall0 <t <T.

Proof. The stability estimate can be found in Theorem 4.1 of [46]. The L! bound follows from the stability
estimate (3.4) by taking g = f, I = k, and vy = 0. O

Remark 3.5. We want to mention that the stability result from Theorem 3.4 is not only integral in proving
existence and uniqueness of random entropy solutions, but can also be used to show well-posedness of Bayesian
inverse problems for conservation laws with discontinuous flux [40].

4. RANDOM CONSERVATION LAWS WITH DISCONTINUOUS FLUX

We now consider conservation laws with discontinuous flux where the flux f, the coefficient k, and the initial
datum ug in (3.1) are uncertain. To that end, we let (Q, F,P) be a probability space and denote by B(X) the
Borel o-algebra on a space X. We define appropriate random data (ug, k, f) in the following sense.

Definition 4.1 (Random data). Given constants Ctv,Cyr € R, a € (0,00), Ny, € Z, § > 0 and given a rectangle
R = R; x Ry C R? let D be the Banach space

D = (BVNL>)(R) x L(R) x C*(R;R)
endowed with the norm
[[(uo, &, F)llp = lluollpr gy + TV (uo) + luollyee @y + 15l Lo m) + [1fllc2(rir) -

We say that a strongly measurable map (ug, k, f): (,F) — (D, B(D)) is called random data for (3.1) if for
P-a.e. w

ug(w; ) € Ry, for a.e. x € R,
TV(UO) < Cry < 00,
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k(w;x) € Ra, for a.e. x € R,
k(w;-)is pcw. constant with at most Ny discontinuities,
each pair of discontinuities of kis at least ¢ apart,
fulw,k,u) > a > 0and f(w;k,0) =0, for all (k,u) € R,
1 (w35 Mlez(pmy < Cr <0
such that for P-a.e. w the data (up(w), k(w), f(w)) satisfy Assumption 3.1.
We are interested in random entropy solutions of the random conservation law

Qu(wiz,t)  Of(wiklw;z), ulw;z,t))
ot Ox
u(w;z,0) =up(w;z), we, zek

=0, we, r€R, t>0, ()

Definition 4.2 (Random entropy solution). Given random data (ug,k, f): @ — D, we say that a random
variable u: Q — C([|0,T]; L*(R)) is a random entropy solution of (4.1) if u is strongly measurable and for P-a.e.
w € Q the function u(w) satisfies

T
/ / (luw(w; z, t) — cp(w; z) | + qlw; u(w; x,t))) de dt
0o Jr
- / lu(w; z, T) — cp(w; x)|p(z, T) dx —I—/ luo(w; z) — cp(w; x)|@(z,0)dz >0 (4.2)
R R

for all p € R and nonnegative ¢ € C°(R x [0,T]). Here we have used the notation

g(w;u(w; z,t)) = sgn(u — cp(w; ) (f(w; k(w; z), u) — f(w; k(w; x), cp(w; x))).

We have the following existence and uniqueness result for random entropy solutions of conservation laws with
discontinuous flux.

Theorem 4.3 (Existence and pathwise uniqueness of random entropy solutions). Let (ug, k, ) be random data.
Then there exists a unique random entropy solution u: Q@ — C([0,T]; LY(R)) to (4.1) which is pathwise unique,
i-e., if the random data (ug,k, f) and (vo,l,g) are P-versions of each other and u and v are corresponding
random entropy solutions then u and v are P-versions of each other.

Proof. Let S: D — C([0,T]; L' (R)) denote the solution operator from Theorem 3.3 that maps (deterministic)
(ug, k, f) € D to the unique (deterministic) entropy solution & = S(ug, k, f). Because of the stability estimate
(3.4) this solution map is Lipschitz continuous. Now, since the random data (ug,k, f): Q@ — D is strongly
measurable the composition S o (ug, k, f): @ — C([0,7]; L*(R)) is again strongly measurable (see [53], Cor.
1.13). Hence u = S o (uq, k, f) is a strongly measurable map satisfying (4.2) P-almost surely. Therefore, u is a
random entropy solution to (4.1).

Regarding uniqueness of random entropy solutions, let (ug, k, f) and (vo, [, g) be P-versions of each other, i.e.,
(o (w), k(w), f(w)) — (vo(w),(w), g(w))||p = 0 for P-a.e. w € Q, and u and v corresponding random entropy
solutions. Then, the Lipschitz continuity of the solution operator S gives

() — 0()leqorya @y < Clluo(@), k), £@)) — (0(w), 1), g())ls = 0.
Thus, we have u(w) = v(w) in C([0, T]; L} (R)) for P-a.e. w € Q which is pathwise uniqueness. O

Note that Theorem 4.3 generalizes the existence result of random entropy solutions of [41] for fluxes which
are strictly monotone in w since the present setting allows for a discontinuous spatial dependency of the flux.
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Remark 4.4. All existence and continuous dependence results stated so far apply to the deterministic Cauchy
problem (3.1). By the usual arguments, verbatim the same results hold for entropy solutions on bounded intervals
D C R as well, provided periodic boundary conditions are enforced.

The following probabilistic bound will be important in the numerical approximation of random entropy
solutions on bounded domains.

Lemma 4.5. Let (uo, k, f) be random data and D C R a bounded interval. Let further ug € L"(2;L>°(D)), for
some 1 <r < oo. Then the random entropy solution u of (4.1) is in L"(Q;C([0, T]; LP(D))) for all1 < p < oo.
In particular,

||“('at>||Lr(Q;Lp(D)) <C HUOHLT(Q;L"Q(D))
forall0 <t <T.

Proof. On bounded domains D we have

1
[u( DllLepy < [P [l )L~ (p)

and thus using the L*>-bound (3.3) we have for all 0 <¢ < T
IOl unoion = [ IO oy 0P
<C [l Ol oy aP

< C/Q 140l (py AP
= Cluollir .= (py)

which proves the claim. O

5. NUMERICAL APPROXIMATION OF RANDOM ENTROPY SOLUTIONS

In this section, we want to approximate the expectation E[u(-,t)] of a random entropy solution u of the
random conservation law with discontinuous flux (4.1). On the one hand, we will use the Monte Carlo and
multilevel Monte Carlo method to approximate in the stochastic domain 2. On the other hand, since in general
exact solutions to (4.1) are not at hand, we will approximate in the physical domain R x [0,7] by a finite
volume method. To this end, we use a modified version of monotone finite volume methods for conservation
laws introduced in [7] which appropriately addresses the presence of the discontinuous parameter k.

The resulting approximation error introduced by the Monte Carlo method depends on the number of samples
used, while the error introduced by the finite volume method depends on the resolution of the grid. In the
following subsections, we will review the finite volume method for the deterministic problem, detail how to
combine it with the Monte Carlo and multilevel Monte Carlo method and prove error estimates for the resulting
Monte Carlo and multilevel Monte Carlo finite volume method.

5.1. Finite volume methods for conservation laws with discontinuous flux

We will first consider the (deterministic) conservation law with discontinuous flux (3.1) and present a class
of finite volume methods introduced in [7].

For a given (deterministic) function k with discontinuities & < & < ... < {x such that k satisfies the relevant
assumptions in Definition 4.1 we denote by D; = (&;,&:41), ¢ = 0,..., N, the subdomains where k is constant.
Here, we have used the notation £ = —oo and {41 = +o00. In the following we will write

f(i):f(k(x),'), forxe D;, i=0,...,N.
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We discretize the domain R x [0,7] using the spatial and temporal grid discretization parameters Az and
At. Here we assume that the spatial discretization parameter Az is already small with respect to the given
minimal distance § between discontinuities of k, i.e., Ax < §. In order to define the finite volume method we
need the spatial grid to be aligned in such a way that all discontinuities of k£ lie on grid points. We acomplish
that in the following way: To the left of £&; and to the right of {5 we use a mesh of width Az that is aligned
with & respectively {x. Inside each interval D; = (&;,&;+1) a mesh of the form {§; + jAm}Jle might not align
with the point &;+1. This happens precisely when JAz < &;11 — & < (J + 1)Az in which case we set up the

finer mesh {¢; + jAz; jJill where Ax; = % Note that by definition we have

%Az < Azx; < Ax. (5.1)

In this way we can set up a spatial grid that is globally non-uniform, but uniform on each subdomain D;.
We want to point out the important fact that while the local grid sizes Ax; depend on the distance between
neighboring discontinuities of k& (which we will assume to be random later) the upper and lower bounds of Az;
given by (5.1) are independ of k.

The resulting grid cells we denote by C; = (xj_%,xj+%) for points TiL, such that for j € Z we have

Tjg1 — X 1= Ax; for some ¢ = 0,..., N. Here we used the notation Axg = Azy = Az. The temporal grid

cells we denote by C" = [t",t"*1) where t" = nAt for n = 0,..., M + 1. Since the grid is aligned with the
discontinuities of k we have & = Tp, 1 for some integers P;, i =1,..., N.

We consider two-point numerical fluxes F'(u,v) that have the upwind property such that if f’ > 0 (which is
the setting of the present paper), we have F'(u,v) = f(v). This includes the upwind flux, the Godunov flux, and
the Engquist—Osher flux. The finite volume method we consider is the following [7]:

1
0= — dr, je€Z
U = /Cj uo(x)dz, jE€Z,
u;?+1 =uf — N (f(i) (u?) — f® (u?fﬁ), n>0, P,<j<Py, 0<i<N, (5.2)

A\ —1 .
aptt = (1) (£ @py)), nz0,0<i<N,

where Py = —oo, Py41 = 400, and A\; = At/Az. We assume that the grid discretization parameters satisfy the
CFL condition , At 1

<i>> a2tz 5.3

max max (f (u) A S5 (5.3)

such that, in particular,
N/
max max (f(i)) (u)A; < 1.
7 u
Note that the last line of (5.2) represents a discrete version of the Rankine-Hugoniot condition (3.2). Here, we

use the ghost cells Cp,, 4 = 1,..., N to explicitly enforce the Rankine-Hugoniot condition on the discrete level.
With the sequence of cell averages (u7});» we associate the piecewise constant function ua.(z,t) given by

upz(z,t) = uj, (x,t) €C; xC".

The following lemma shows that the finite volume method is stable in L> and L*.

Lemma 5.1 (Stability of the finite volume method). If the numerical scheme (5.2) satisfies the CFL condi-
tion (5.3) we have the following stability estimates:

Cy

luaz( Dl < - ol (5.4)
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and
luaz ()l < llwolli gy + CTV (uo)Az.

Proof. (1) We first prove the L*°-bound. To that end, we show by induction over i = 0,..., N that

W< max s ()7 (50 (uf)) (5.5)

m=0,. 77'l P, P?n+1_1

forall j=PF;,..., P41 —land n=20,...,M + 1. For « = 0, standard techniques for finite volume methods
for conservation laws show

u <max{u] 1, j }< Slsu};)u?.
<P

Assume now that (5.5) holds for some i € {0,...,N—1}and all j=P;,...,P,;1 —landn=0,...,M + 1.
Then we have for j = P

up, = (F0) (0 (e a)) < max s (FO0) (500 ().

m=0,. ’Zl Pp,,.. P77L+1_1

On the other hand, for j € {P,41 +1,..., Pi12 — 1} we have as before

1 0 0 n—(j—Pit1) 1 0 0
u <max{uj 1,...,uj_l,uj_l,uj}S...Smax{up+1 e WPy P, e U

By combining both estimates, we obtain for j € {P;11,..., Piy2 — 1}

_ ~1
u} < max max uf, max sup (f(lﬂ)) (f(m) (u?))
I=Piy1,...,Piy2—1 m=0,....i |—p, Pry1—1

™My

S s () (0 )

m=0,..., Z+1l P P7n+1_1

which completes the induction. By taking absolute values in (5.5) we get for j € Z

1
|u”|<— max ‘
o

U oo .
o Tl e

Taking the supremum over j yields the L*°-bound (5.4).
(2) In order to prove the L!-bound note that we have the discrete entropy inequalities

|u?+1—c|—|u?—c|+A<q§i)’n—q;i2’fl> <0, i=0,...,N, j=P+1,...,P4; —1

for all ¢ € R (see [7]). Here, we have denoted qj(.i)’n = |fD(ur) = f9(c)|. Taking ¢ = 0 and summing over
jeZN\A{P,...,Py} yields

N Piyi—1
Yt YAy 3 (a7 -a) = X el
J#Pi J#P; i=0 j=P;+1 J£P;

Therefore, we have

Dol <D ]+ Z |up ] -

JEZ JEZ

Al
) < E u’ —l—g fH (i_l)H uptt —ulp
_4 |uf| 2.5 f Lip‘Pz—l P—1
JEZL i=1
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and hence
N n
n 1 i— m m
Z‘u]+1‘§2|ug|+za"f( 1)’[,' Z}upitll—upi_l .
JET jez i=0 P =0
In Lemma 4.6 of [7], it was shown that for all i = 0,..., N we have

n
> fupth —up ] < CTV(uo)
m=0

which together with the foregoing estimate finally yields
luaz ()L @) < luollp @) + CTV (u)Az.
O

In order to prove error estimates of the Monte Carlo and multilevel Monte Carlo finite volume method we
will need the following convergence rate estimate which was proved in [7].

Theorem 5.2 (Convergence rate of the finite volume method [7]). Let f,k, and ug satisfy Assumption 3.1
and the discretization parameters satisfy the CFL condition (5.3). Then the finite volume approximation uay
given by the scheme (5.2) converges towards the unique entropy solution u of (4.1) almost everywhere and in
LYR x (0,7)). In particular, we have the following convergence rate estimate

[ust) = vaz () |Li @) < CAx? (5.6)

forall0 <t <T.

Note that the convergence rate estimate (5.6) is optimal in the sense that the exponent % cannot be improved
without further assumptions on the initial datum [7] (see [47] for an overview of the literature regarding optimal
convergence rates of finite volume methods for conservation laws without spatial dependency).

Remark 5.3. We want to point out that the constant C' in (5.6) depends only on TV (uo), ||uollpe, [|fllocs e
and the number of discontinuities of k. In particular, for random data given according to Definition 4.1 all those
quantities are uniformly bounded and thus for random entropy solutions the constant C' in (5.6) is integrable
in w.

Remark 5.4. Reasoning as for entropy solutions, the finite volume approximation satisfies

lase (s Dllr(y < DI luas By < C lltoll e o)

for all 1 < p < oco. Like in Lemma 4.5, this translates into the following probabilistic bound:

||uAr('at)||Lr(Q;Lp(D)) <C ||u0||LT(Q;L°°(D)) (5.7)

forall0<t¢t<Tand 1 <p < o0.

For the rest of this paper, we will consider entropy solutions on a bounded interval D C R with periodic
boundary conditions. With the usual arguments, all previous results concerning entropy solutions and their
finite volume approximations carry over to this setting verbatim. Note that restricting ourselves to a bounded

domain will enable us to prove error estimates of the Monte Carlo and multilevel Monte Carlo finite volume
method also in L2(Q; LY(D)) (cf. [45]).
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5.2. Monte Carlo finite volume method

We now consider the random conservation law with discontinuous flux (4.1) and introduce and analyze the
Monte Carlo finite volume method.

Given M € N, we generate M independent and identically distributed samples ( fi, K, @8)M, of given random
data (uo, k, f). Let now a4, (-,t), i = 1,..., M, denote the numerical solutions generated by the finite volume
method (5.2) at time ¢ corresponding to the sample (f?, k%, a4). Then, the M-sample MCFVM approximation
to Efu(+,t)] is defined as

1y
EM[uAI('vt)] = M Z’&ZAx(vt)

As mentioned earlier the approximation error of the MCFVM has a component coming from the statistical
sampling error and one from the deterministic discretization error. We will make this statement precise in the
following theorem.

Theorem 5.5 (MCEVM error estimate). Let (ug, k, f) be random data and u the corresponding random entropy
solution of (4.1). Assume that ug satisfies the r-th moment condition

wollr o1 (py) < o0

for some 1 <1 < co. Assume further that we are given a FVM (5.2) such that the CFL condition (5.3) holds.
Then, for each 1 <p < o0 and 0 <t < T and for ¢ = min(2,r) > 1, the MCFVM approzimation satisfies the
error estimate

1-g 1-1 1
[E[u(, )] = Emvac(, OlllLa@epy < C <M T Nluollyr (s (py) + w0l @0 (DY) AW") : (5.8)

In particular, the MCFVM approzimation converges towards E[u(-,t)] in LI(2; LP(D)) as M — oo and Az — 0.
Proof. We use the triangle inequality to get
[E[u(-, )] — EM[“AI('»t)qu(Q;Lp(D))
< Efu(, )] - EM[“(‘at)]HLq(Q;Lp(D)) + |1 Emlul-,t)] — EM[UAI('at)]HLq(Q;LP(D)) (5.9)

and estimate the resulting two terms separately. For the first term in (5.9), we distinguish the two cases p > ¢
and p < q.

(1) We first consider the case p > ¢. According to Lemma 4.5 we have
”U('at)HLT(Q;LP(D)) <C HUOHLT(Q;L"O(D))
and thus u(-,t) € L"(€; LP(D)). Therefore, we can apply Theorem 2.5 to get
1-g
[Eful, )] = ExrluC O |Laomepy) < CMT [[ul 8)llLao;mepy)
<CMT ||“('at)HLr(Q;Lp(D))

1-q
<SCM 7 uollyr = (py) -
(2) In the case p < ¢, we can apply Holder’s inequality to estimate

IEfu(- )] = Extlul, ooy < C NEC, 0] = Baglul, )l -
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Again, we want to employ Theorem 2.5. To that end, we note that because of Lemma 4.5 and the fact that
q < r we have

HU('vt)HLq(Q;Lq(D)) <C HUOHLq(Q Lo (D)) = < Clluolly- (Q;Le° (D))

and therefore u(-,t) € L2(Q; L9(D)) and we can apply Theorem 2.5 to get

[E[u(-,t)] — Enmlu(, )]HLq(Q La(D)) = cME HU( )”Lq(Q;Lq(D)) < oM ||U0‘

Hence, for all 1 < p < oo, we get

Lr(@5L> (D)) °

IE[u(, )] — Enlul- )]”Lq(Q L7 (D)) < CM ”uOHLT(Q Lee (D)) -

On the other hand, for the second term in (5.9) we can use the triangle inequality and the linearity of the
expected value to obtain

M

[En[ul, )] = Enluaa (- DlllLeoir o Z

i=1

= [lu( ) = uaz (-, )llLae(py) -

(1) HLq(Q;Lp(D))

Using the interpolation inequality between L' and L, the L>-bound for both u(-,t) and ua.(-,t) (see (3.3)
respectively (5.4)), and the convergence rate estimate (5.6), we get

1 1—1
||u(-,t) - uAa:('7t)||Lq(Q;Lp(D)) < Hu(,t) - UAI('7t)H£q(Q;L1(D)) ||u(,t) - qu(Ht)”Lq(?);Loo(D))

1-1 1
< Clluollyr dwe oy A2
which completes the proof. |

Note that the computations in the proof of the error estimate (5.8) are also valid if » = 1 (and thus ¢ = 1).
However, in that case the right-hand side does not decrease as M — oo.

5.3. Multilevel Monte Carlo finite volume method

Instead of just considering Monte Carlo samples of a single fixed resolution of the finite volume method,
we now detail the corresponding multilevel variant — the multilevel Monte Carlo finite volume method. The
idea of MLMC discretization of differential equations with random parameters was proposed by Giles in [18,19]
based upon earlier work by Heinrich on numerical quadrature [24]. The key ingredient of the MLMCFVM is
simultaneous MC sampling on different levels of resolution of the finite volume method with level-dependent
numbers M; of MC samples.

To that end, we generate a sequence of finite volume approximations U (-, t) := (u;(-,t)){, on grids with cell
sizes Ax; and time steps At; (subject to the CFL condition (5.3)) and set uaz_, (-,¢) = 0. Then, we have

L

L
E[UAJCL iy Z quz )t qulfl(.7t)) = ZE[uﬁwz("t) - UA$171<'7t)]'
=0

=0

We now approximate each term E[uay, (-,t) — uaq,_, (-,t)] by a Monte Carlo estimator with M; samples. The
resulting MLMCFVM approximation to E[u(-,t)] then is

t)] = ZEMZ [uAIZ('7t) - U’Azl—l(.’t)} . (510)
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In the following convergence analysis, we will assume for simplicity that Az; = 27'Axg, 1 = 0,..., L, for some
Axg > 0.

As for the MCFVM, we want to obtain a rate at which EX[U(-,t)] converges towards E[u(-,#)] in terms of
the number of MC samples M; and the spatial resolution Ax; on each level [ =0, ..., L.

Theorem 5.6 (MLMCFVM error estimate). Let L > 0, (ug, k, f) be random data, and w the corresponding
random entropy solution of (4.1). Assume that ug satisfies
ol (@i (py) < 0

for some 1 < r < oco. Assume further that we are given a FVM (5.2) such that the CFL condition (5.3)
holds. Then, for each 0 < t < T, for any sequence (Ml){;o of sample sizes at mesh level | the MLMCFVM
approzimation (5.10) satisfies the following error estimate for ¢ = min(2,7) > 1

||E[u(, t)] - EL[U('v t)] ||Lq(Q;LP(]R))

L
1—1 1 1-g 1—1 1-g 1
<cC <||u0||L1(?z;Loc(D)) Az + [uollpeuLee )y Mo + luollpa@ . (py) ZMz ! Aq;fp> (5.11)
1=0

where p = max(p, q). In particular, for fived L the MLMCFVM approzimation E*[U(-,t)] converges towards
E[u(-,t)] in LI(Q; LP(D)) as M; — oo and Azg — 0.

Proof. Using the triangle inequality and the linearity of the expectation, we get

L )] = B 0] ooy
< Efu(, )] ~ Eluas, O Iy + [Ebac, (0] = EXUC O o onn o

= una, (5 0)]ILaoLe(py)

L
Z (E[uﬁwz ('v t) — U, ('7 t)] — Enm, [uﬁwz(" t) —Upz; ('a t)])

La(3LP (D))
< ”]E[U -,t) - uAﬂUL('?t)]HLQ(Q;LP(D))

L
+ Z HE[qul("t) - uAﬂil—l('vt)] - EMz [quz('at) - qu171('at)]HLq(Q;LP(D)) )

For the first term, note that the function E[u(-,t) — uaz, (-, t)] is deterministic and thus we can use the conver-
gence rate estimate (5.6) to get

[E[u(,t) — uaz, (- )]l|La@iLe (D))
< lu(-st) — UAxL('7t>||L1(Q;Lp(D))
1 1—1
< lu(-,t) — uATL("t)”El(Q;Ll(D)) flu(-,t) — “ArL('»t)||L1(§);Loo(D))
1—1 1
< Clluollis @, () AV

We now estimate the summands in the second term. Similarly to the proof of Theorem 5.5 we distinguish the
two cases p > ¢ and p < q.

(1) We first consider the case p > ¢. Because of the triangle inequality and (5.7) we have

||UAIl('7t) - UAI171('7t)| L (Q;LP (D)) <C ”uO“LT(Q;L‘X’(D))
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and thus uay, (-, t) — uaz,_, (+,t) € L"(Q; LP(D)). Therefore we can apply Theorem 2.5 to get

||E[UA$L("t) 7U’A1’l—1(.7t)} — B [uArz('at) UAx; 1 i HLq(Q L?(D))
< CMIT [waw, () = uaz,_, (, HLq(Q L?(D)) *
(2) In the case p < ¢, we can apply Holder’s inequality to estimate
HE[UAIL(.’t) _’U‘sz—l('?tﬂ — B, [U‘Am("t) UAz; 1 wt HLq(Q Lp(D))
< CH]E[UAIL("t) _quzq(" )] _EMz [qul(-,t) UAz, 1 e HL‘I(Q ;La(D)) ”

Following the same steps as in case (2) in the proof of Theorem 5.5 for uagz,(-,t) — uaq,_, (-, t) instead of
u(-,t) and using (5.7) instead of Lemma 4.5, we see that uag, (-,t) — vag,_, (-, 1) € LI(Q; LY(D)). Thus, we
can apply Theorem 2.5 again and get

|Efuas, (1) = uaz, (1)) = Eng [uag, (1) = uaz, , (-t HLq(Q Lq(D))
S CM H“sz o) = uaw (- HL‘I(Q ;La(D))
Combining both cases, we get
[Elua, () = uas,_, ()] = Eagfuas () = wae,_, ()] oo, LP(D))
< CM ||uMz( ot) = uaz_, () HLq (Q;LF(D))
where p = max(p, ¢). Now, we can use the triangle inequality to get
||uArz('at) Upz, (s ||Lq (LF(D)) = < luaz,(-5t) — u(‘7t)||Lq(Q;L5(D)) + Hu(, — Uz, (4 HLq(Q L7(D)) "
For [ > 0, we can use the interpolation inequality between L! and L, the L! and L> bounds of the entropy
solution and finite volume approximations (see (3.3) respectively (5.4)), and the convergence rate estimate (5.6)
to get
lwaz, () = u(, O)llLa@ripy + [t t) = vaz,_, (-, ||Lq(g L7(D))

1 1
< ||quz('7t) - u( t)”]fq Q- Ll(D)) HUAIz('vt) - “('at)HLq(pQ-Loc(D))

+HU t) — UAg,_ 1 ) HL« (LY (D)) H — Uz 1 " HL" ° (D))
< CHUOHLq(Q L (D)) (Aml + Az’ 1)
%
<C H“OHLq(Q ;Leo (D)) Awp?.

Similarly, for [ = 0 (note that ua,_, = 0), the convergence rate estimate (5.6) and the bound from Lemma 4.5
give

”uAmo("t)”Lq(Q;Lﬁ(D)) < fluag, () — U('at)HLq(Q;Lﬁ(D)) + Hu('»t)”Lq(Q;Lﬁ(D))

1-1 L
<c (|uo||m(amm) A 4 ||uo|Lq<Q;Loo<D>>) -
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Combining all estimates finally gives

HE[U(, t)] - EL[U('a t)] HLq(Q;LP(R))

L
<C<|uo|Ll(aLm(D))AxL + olla(sroe(my) Mo * + l[U0llpa (e (py) D M © Az
=0

8=
~_—

5.4. Work estimates and sample number optimization

In order to analyze the efficiency of the MC and MLMCFVM, it is important to estimate the computational
work which is needed to compute one approximation of the solution by the deterministic FVM and how it
increases with respect to mesh refinement. Here, by computational work, we understand the number of floating
point operations performed when executing an algorithm and we assume that this in turn is proportional to the
runtime of the algorithm.

In practice, we deal with bounded domains instead of working on the whole real line and thus the number of
grid cells scales as 1/Az. For the deterministic FVM (5.2) the number of floating point operations per time step
is proportional to the number of cells in the spatial domain, hence the computational work can be bounded by
CAt *Az~'. Considering the CFL condition (5.3), we thus obtain the computational work estimate

WEYM(Az) < CAz™2

for the deterministic FVM approximation. However, for the sake of generality, we will in the following only
assume that the computational work scales as

WEYM(Az) < CAz™" (5.12)
for some w > 0. As seen before, we have the L? convergence rate estimate
(1) = wae (Dl gy < CAa?
(for s = 3) which yields the following deterministic convergence rate with respect to work:

Hu('vt) - uA:L’('vt)HLP(D) <C (VVFVM)iW . (5'13)

In particular, for p =1, w = 2, and s = % we have

_1
4

Hu('vt) - UAI(.7t)HL1(D) < C (WFVM)

5.4.1. Work estimates for the MCFVM approximation

Since for the Monte Carlo finite volume method M deterministic finite volume approximations need to be
computed, each of which require work as in (5.12), the computational work for the MCFVM is bounded as

WME < CMAz™v, (5.14)

In order to obtain the order of convergence of the approximation error in terms of computational work, we
1— s s

equilibrate the terms M @ and Az? in (5.8) by choosing M = CAz7iD. Inserting this into the work

bound (5.14) yields

sq—wp(l—q)

WM < CAgT 0w
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such that we obtain from (5.8)

[Efu(-,t)] - EM[UAI(Ht)]”Lq(Q;Lp(D)) < CAz» <C (WJI\\/I/IC) T (5.15)

Note that, since ¢/(q — 1) is positive, we have

and thus the rate (5.15) is worse than the error rate in terms of computational work (5.13) of the deterministic
finite volume method.

In particular, for p =1 and r > 2 (which implies ¢ = 2), and taking into account that w = 2 and s = %, the
rate (5.15) reads

ol=

Bl 6)] = Entluas(Oll2iirmyy < C (War)
5.4.2. Optimal sample numbers for the MLMCFVM approzimation

In [32], Koley et al. showed the following general result for multilevel Monte Carlo finite volume methods
which we can apply to our case to determine the number of samples needed at each level [ such that, given an
error tolerance € > 0, the computational work of the MLMCFVM is minimal.

Lemma 5.7 ([32], Lem. 4.9). Assume that the work of a multilevel Monte Carlo finite volume method with L
discretization levels scales asymptotically as

L
WM = ¢y " M Az
1=0
for some w > 0 and that the approzimation error (raised to the g-th power) scales as
59 1— L 1— g
Err, =C | Azf + M, *+ ZMZ AV
1=0

where p = max(p,q) (c¢f. (5.11)). Then, given an error tolerance € > 0, the optimal sample numbers M; mini-
mizing the computational work given the error tolerance € are given by

, 1
14 Agr SE ol(wigt—5)\ 7
My ~ < LU DYSES (5.16)
e—Azx/
and .
My~ MoAzi 27! GH9) for 1> 0, (5.17)

where ~ indicates that this is the number of samples up to a constant which is independent of | and L. The
minimal amount of work then is

q—1 s

s & 1 5L ol(wiFE=5)\ T
PWMLMC o g <1+Ax§221(wqq§)> <1+Awo 2112 ) .

24 ras
=1 a—A:cOP2LP

Lemma 5.7 can be used to derive a rate for the approximation error of the MLMCFVM in terms of the
computational work.
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Corollary 5.8. In addition to the assumptions of Lemma 5.7, assume that wq;—l - % > 0 and that L and Axg
are large enough such that

Ax?ﬁiw > Azy
where p = max(p, q) and w is as in (5.7). Then, for each 0 <t < T and for ¢ = min(2,r) the LI(Q;LP(D))-
approzimation error of the MLMCFVM (5.10) scales with respect to computational work as

s

C (WMLMCY wrse P52 gty (5.18)

HE[U('vt)] - EL[U('vt)]HLq(Q;LP(D)) <

Proof. Since (wq;—l — %) > 0 the sums in the expression for WMLMC from Lemma 5.7 are dominated by

sq s_a

ob(wit=3), Choosing € = 2Az/ and using that Az} ' s Axy™ in the last step, we find

1

1+Am§2L(“"’ql—%>> !

57
P
Ax}

WHNMC = A (14 Aaf 22055 5)) (
= 2 g=1_ s q%
~ Axa“’AxL"(‘“l) (1+Am§2L(wT*§)> !

s

q s q
~ p(qg—1) —w pg-1 W
~ Awy 7 (a4 Az ")

Thus, we have

_s
P—p_4g

ELu(, )] = BVt | o gupr oy = €7 = Awp = (WRMO) w5t

; (P—p) q
Since = and D

are nonnegative, we have

S S
Si

P—p _4q w
w S==
P+ s p

and thus the error rate in terms of the computational work (5.18) of the MLMCFVM is worse than the error
rate (5.13) for the deterministic scheme. However, since % <1-— g < 1, we have

S S
>

pP—p_q — w s—1_
wp + sE=E A P+ S5

and thus the error rate (5.18) of the MLMCFVM constitutes an improvement over the (single-level) MCFVM,
cf. (5.15).

Note that, in particular, for p = 1 and r > 2 (which implies ¢ = 2 and p = 2), and taking into account that
w=2and s = %7 the error rate (5.18) reads

[B{ut )] = BHOC oy < € (VRN)



MULTILEVEL MONTE CARLO FINITE VOLUME 1057

0 0.4 0.8 1

FIGURE 1. Two possible fluxes of the form (6.1) for k(z) = 0.7 (dashed line) and k(x) = 2.3
(solid line)

6. NUMERICAL EXPERIMENTS

In this section, we present numerical experiments motivated by two-phase flow in a heterogeneous porous
medium’. The time evolution of the oil saturation u € [0, 1] can be modeled by (1.1) where the flux is given by

Ao(u)

see Example 8.2 of [25]. Here, the functions A, and A, denote the phase mobilities/relative permeabilities of
the oil and the water phase, respectively. Typically, one uses the simple expressions

Ao (u) = u?, A (u) = (1 —u)?

which we will also do in the first two subsequent experiments. The coefficient k in (6.1) corresponds to the
absolute permeability of the medium. Since the medium is usually layered to some extent throughout the
reservoir and even continuously varying geology is typically mapped onto some grid, the coefficient & is often
modeled as a piecewise constant function [23].

Since numerical experiments for conservation laws where the initial datum or the flux is uncertain have been
reported in other works (albeit without spatially discontinuous flux), we will here focus on numerical experiments
where, in particular, the discontinuous coefficient & is subject to randomness. We consider the initial datum

08, —-09<z<-0.2
= ’ ’ 6.2
uo(z) {0.4, otherwise, (62)
on the spatial domain D = [—1, 1] with periodic boundary conditions. Figure 1 shows two examples of fluxes of

the form (6.1) and indicates the relevant domain determined by the initial datum (6.2). In all experiments we
use A\ = ﬁ—; = 0.2 in the finite volume approximation (5.2).
When choosing the number of samples for the MLMC estimator we use the formulae (5.16) and (5.17) with

=" replacing “~” and rounding to the next biggest integer. Here we use p =1, r=q¢=2, w =2, s =
e =2Az?" in (5.16) and (5.17)2.

IThe code used to produce these experiments can be found at https://github.com/adrianmruf/MLMC_discontinuous_flux
2For example, for L = 7 and Azg = 24 we use (Ml)lL:o = (95646,20107,8454,3555,1495, 629, 265, 112) samples.
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In order to compute an estimate of the approximation error

1

H]E[u(vT)] - EL[U('aT)]HLz(Q;Lg(D)) = (]E |:HE[U(7T>] - EL[U(WT)]Hil(D):Di

we use the root mean square estimator introduced in [38]: We denote by Uyet(-,T') a reference solution and by
(Ui (-, T))E | asequence of independent approximate solutions EX[U (-, T')] obtained by running the MLMCFVM
estimator with L levels K times. Then, we estimate the relative error by

K 3
B 1 2
RMS = <K ; (RMS;) )
where
||Uref('aT) - UZ(7T)||L1(D) )

1Uret (- T) |1 (py

Here, as suggested in [38], we use K = 30 which was shown to be sufficient for most problems. In each experiment,
as a reference approximation Uyet(-,T) of Efu(-,T)], we use a solution computed by the MLMCFVM with
Azg = 2% and L = 8 which entails using 2'? cells on the finest level.

In our figures we also indicate the approximated standard deviation. To that end, we approximate the variance
by

L

VL = ZEMZ [(UALKL('7T) - uAl'l—l(.7T) - EMl [UA’»CL('7T) - uAl'lfl(.7T)])2] :
=0

6.1. Uncertain position of rock layer interface

For our first numerical experiment we will model the absolute permeability parameter as

1, z<o(w),

M) = {2, x> o(w)

corresponding to an uncertain position of the interface between two rock types in the reservoir. Here, the
random variable ¢ is uniformly distributed in [—0.3,0.3]. Figure 2a shows two samples of the approximate
random entropy solution (with ¢ = —0.3 and o = 0.3, respectively) calculated using 2'° grid points at time
T = 0.2 and Figure 2b shows an estimate of the expectation E[u(-,T)] computed by the MLMCFVM with
Azg=2"*and L =7.

Table 1 and Figure 3 show the estimated RMS error as a function of the number of levels. In particular,
Table 1a shows the observed order of convergence (OOC) with respect to Az, while Table 1b shows the observed
order of convergence with respect to the computational work calculated based on a best linear fit under the
assumptions that RMS ~ (Axp)™ and RMS ~ (work)™. Here, we use the runtime as a surrogate for the
computational work. We observe that in Experiment 1 both rates are better than the rates guaranteed by our
convergence analysis.

6.2. Uncertain absolute permeabilities

For our second numerical experiment we will model the absolute permeability parameter as

_ J&(w), x<0,
k(x)_{gg(w), x>0

corresponding to uncertain absolute permeabilities of two rock layers. Here, the random variables £; and & are
independent and uniformly distributed in [0.7,1.3] and [1.7,2.3], respectively.
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-1 -03 0 0.3 1 -1 -03 0 0.3 1

FIGURE 2. Two samples and a MLMCFVM approximation of the (mean of the) random entropy
solution for Experiment 1 with 7' = 0.2 and A = 0.2. The orange area indicates the area between
the mean + standard deviation. For each sample the discontinuity of k is located in the interval
between the dotted lines. (A) Two samples of the random entropy solution (¢ = —0.3 (solid
line), o = 0.3 (dashed line), Az = 27%). (B) MLMCFVM approximation (Azg =274 L =7).

TABLE 1. RMS error in Experiment 1 as a function of the finest grid resolution Azj and
as a function of the work (here measured by the runtime in s) for various values of L and for

Axg = 24,
(a) RMS wversus Az, (b) RMS versus work.
L Azp RMS 0O0OC L Runtime RMS 00C
1 27  4.03 1 0.09 4.03
2 279 253 2 023 2.53
3 277 153 3 073 1.53
4 278 088 4 265 0.88
5 279 049 5 10.12 0.49
6 271 0.24 0.80 6 39.23 0.24 —0.45

Figure 4a shows two samples of the approximate random entropy solution (with (£1,&) = (1.3,1.7) and
(&1,&) = (0.7,2.3), respectively) calculated using 2'° grid points at time 7" = 0.2 and Figure 4b shows an
estimate of the expectation E[u(-,T)] computed by the MLMCFVM with Azg =2"% and L = 7.

Table 2 and Figure 5 again show the root mean square error estimate and the observed order of convergence
with respect to Az and with respect to the computational work. As before, we observe that the observed
convergence rates are better than the theoretical bounds.

6.3. Uncertain position of rock layer interface and absolute and relative permeabilities

In our last numerical experiment we will model the absolute permeability parameter as

h(z) = {gl(w), x < o(w),

- &(w), x> o0(w)
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21 |- i

21 - i
20 |- N 20 - g
2_1 | N 2—1 [ -
2_2 | | 272 [ H
i i i i i i | | | | i i
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(a) (B)

FIGURE 3. RMS error in Experiment 1 as a function of the finest grid resolution Az and
as a function of the work (here measured by the runtime in s) corresponding to the values in
Table 1. The dashed lines indicate the observed order of convergence based on a best linear fit.
(A) RMS error versus Azy,. (B) RMS error versus work.

0.8 1 0.8} a
0.6 |- 1 0.6 a
0.4 4 04 —) |
| | | | | |
-1 0 1 -1 0 1

(a) (B)

FIGURE 4. Two samples and a MLMCFVM approximation of the (mean of the) random entropy
solution for Experiment 2 with 7" = 0.2 and A = 0.2. The orange area indicates the area
between the mean + standard deviation and the dotted line marks the (fixed) position of
the discontinuity of k. (A) Two samples of the random entropy solution ((&1,&2) = (1.3,1.7)
(solid line), (&1,&) = (0.7,2.3) (dashed line), Az = 279). (B) MLMCFVM approximation
(AIL’O = 274, L= 7)



MULTILEVEL MONTE CARLO FINITE VOLUME

TABLE 2. RMS error in Experiment 2 as a function of the finest grid resolution Az and
as a function of the work (here measured by the runtime in s) for various values of L and for
Axg = 24,

(a) RMS versus Axy.

(b) RMS versus work.
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L Azp RMS O0OOC L Runtime (s) RMS 0OO0C
1 27° 386 1 0.07 3.86
2 276 232 2 0.18 2.32
3 277 141 3 0.64 1.41
4 278 082 4  2.52 0.82
5 27% 045 5 9.88 0.45
6 2710 0.22 0.82 6 38.16 0.22 —0.44
I I I T T T
22 | RMS error vs. Az, 22 | RMS error vs. work [{
-—- 0.82t + 6.12 \\ - —0.44t 4+ 0.22
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FIGURE 5. RMS error in Experiment 2 as a function of the finest grid solution Axy and as
a function of the work (here measured by the runtime in s) corresponding to the values in
Table 2. The dotted lines indicate the observed order of convergence based on a best linear fit.
(A) RMS error versus Azy,. (B) RMS error versus work.

corresponding to an uncertain position of the interface between two rock types as well as uncertain absolute
permeabilities of the rock layers. Here, the random variables £, &, and o are uniformly distributed in [0.7,1.3],
[1.7,2.3] and [—0.3,0.3], respectively. Furthermore, we will model the relative permeabilities A, and A, in (6.1)
as

No(w) = uP@ Ay(u) = (1 —u)P@

where the random exponent p is uniformly distributed in [1.5, 2.5]. Here, &1, &2, 0 and p are mutually independent.

Figure 6a shows two samples of the approximate random entropy solution (with (&1,&,0,p) =
(0.3,-0.3,-0.3,1.5) and (&1,&2,0,p) = (—0.3,0.3,0.3,2.5), respectively) calculated using 2'° grid points at
time T = 0.2 and Figure 6b shows an estimate of the expectation E[u(-,T")] computed by the MLMCFVM with
Azg=2"*and L =7.
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FIGURE 6. Two samples and a MLMCFVM approximation of the (mean of the) random entropy
solution for Experiment 3 with 7' = 0.2 and A = 0.2. The orange area indicates the area between
the mean + standard deviation and the dotted line marks the (fixed) position of the disconti-
nuity of k. (A) Two samples of the random entropy solution ((&1,&2,0,p) = (1.3,1.7,—-0.3,1.5)
(solid line), (&1,&2,0,p) = (0.7,2.3,0.3,2.5) (dashed line), Az = 279). (B) MLMCFVM approx-
imation (Axg =274, L =17).

TABLE 3. RMS error in Experiment 3 as a function of the finest grid resolution Azj and
as a function of the work (here measured by the runtime in s) for various values of L and for
Azg = 24,

(a) RMS versus Axy.

(b) RMS versus work.

L Runtime (s)

RMS 0O0C

L Azp, RMS 0O0C

1 27° 344 1 0.08
2 27% 197 2 021
3 277 1.4 3 074
4 278 063 4  3.07
5 279  0.33 5 12.93
6 271 o017 0.86 6 55.93

3.44
1.97
1.14
0.63
0.33

0.17 —0.45

Table 3 and Figure 7 again show the root mean square error estimate and the observed order of convergence
with respect to Az and with respect to the computational work. Notably, the observed convergence rates are
very similar to those in Experiments 1 and 2 despite the four dimensional parameter space.

7. CONCLUSION

In this paper, we have considered conservation laws with discontinuous flux where the model parameters,
i.e., the initial datum, the flux function, and the discontinuous spatial dependency coeflicient, are uncertain.
Based on adapted entropy solutions for the deterministic case, we have introduced a notion of random entropy
solutions and have proved well-posedness.

To numerically approximate the mean of a random entropy solution, we have proposed Monte Carlo meth-
ods coupled with a class of finite volume methods suited for conservation laws with discontinuous flux. Our
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FIGURE 7. RMS error in Experiment 3 as a function of the finest grid solution Axy and as
a function of the work (here measured by the runtime in s) corresponding to the values in
Table 3. The dotted lines indicate the observed order of convergence based on a best linear fit.
(A) RMS error versus Azy,. (B) RMS error versus work.

convergence analysis includes convergence rate estimates for the Monte Carlo and multilevel Monte Carlo finite
volume method. Further, we have provided error versus work rates which show that the multilevel Monte Carlo
finite volume method is more efficient than the (single-level) Monte Carlo finite volume method.

We have presented numerical experiments motivated by two-phase flow in heterogeneous porous media, e.g.,
oil reservoirs with different rock layers. The numerical experiments verify our theoretical results concerning
convergence rates of the multilevel Monte Carlo finite volume method.

As a possible direction of future research, we want to mention that — from a practical standpoint — it would be
desirable to design multilevel Monte Carlo finite volume methods based on finite volume methods that require
no processing of the flux discontinuities. Such numerical methods have been considered in [15, 51], however,
there are currently no convergence rate results available for these methods.
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Abstract

We propose an explicit, single-step discontinuous Galerkin method on moving grids using
the arbitrary Lagrangian—Eulerian approach for one-dimensional Euler equations. The grid
is moved with the local fluid velocity modified by some smoothing, which is found to con-
siderably reduce the numerical dissipation introduced by Riemann solvers. The scheme
preserves constant states for any mesh motion and we also study its positivity preservation
property. Local grid refinement and coarsening are performed to maintain the mesh qual-
ity and avoid the appearance of very small or large cells. Second, higher order methods are
developed and several test cases are provided to demonstrate the accuracy of the proposed
scheme.
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1 Introduction

Finite volume schemes based on exact or approximate Riemann solvers are used for solv-
ing hyperbolic conservation laws like the Euler equations governing compressible flows.
These schemes are able to compute discontinuous solutions in a stable manner since they
have implicit dissipation built into them due to the upwind nature of the schemes. Higher
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order schemes are constructed following a reconstruction approach combined with a high
order time integration scheme. Discontinuous Galerkin methods can be considered as
higher order generalizations of finite volume methods which also make use of Riemann
solver technology but do not need a reconstruction step since they evolve a polynomial
solution inside each cell. While these methods are formally high order accurate on smooth
solutions, they can still introduce too much numerical dissipation in some situations. Sprin-
gel [1] gives the example of a Kelvin—Helmholtz instability in which adding a large con-
stant velocity to both states leads to suppression of the instability due to excessive numeri-
cal dissipation. This behaviour is attributed to the fact that fixed grid methods based on
upwind schemes are not Galilean invariant. Upwind schemes, even when they are formally
high order accurate, are found to be too dissipative when applied to turbulent flows [2]
since the numerical viscosity can overwhelm the physical viscosity.

For the linear convection equation u, + au, = 0, the first-order upwind scheme has the
modified partial differential equation

ou ou

9 0% = Lt — &8 1 ogr)
or  ox 2 ox? ’

|a| At
V= >
h

which shows that the numerical dissipation is proportional to lal which is the wave speed.
In case of Euler equations simulated with a Riemann solver, e.g., the Roe scheme, the wave
speeds are related to the eigenvalues of the flux Jacobian and the numerical dissipation
would be proportional to the absolute values of the eigenvalues, e.g., |[v —c|, |v|, |v + ¢|
where v is the fluid velocity and c is the sound speed. This type of the numerical viscosity
is not Galilean invariant since the fluid velocity depends on the coordinate frame adopted
for the description of the flow. Adding a large translational velocity to the coordinate frame
will increase the numerical viscosity and reduce the accuracy of the numerical solution.
Such high numerical viscosity can be eliminated or minimized if the grid moves along
with the flow as in Lagrangian methods [3-5]. However, pure Lagrangian methods encoun-
ter the issue of large grid deformations that occur in highly sheared flows as in the Kel-
vin—Helmholtz problem requiring some form of re-meshing. A related approach is to use
the arbitrary Lagrangian—Eulerian approach [6, 7] where the mesh velocity can be chosen
to be close to the local fluid velocity but may be regularized to maintain the mesh qual-
ity. Even in the ALE approach, it may be necessary to perform some local remeshing to
prevent the grid quality from degrading. In [1], the mesh is regenerated after every time
step based on a Delaunay triangulation, which allows it to maintain good mesh quality
even when the fluid undergoes large shear deformation. However, these methods have been
restricted to second-order accuracy as they rely on unstructured finite volume schemes on
general polygonal/polyhedral cells, where achieving higher order accuracy is much more
difficult compared to structured grids.

Traditionally, ALE methods have been used for problems involving moving boundaries
as in wing flutter, store separation and other problems involving fluid structure interac-
tion [8—12]. In these applications, the main reason to use ALE is not to minimize the dissipa-
tion in upwind schemes but to account for the moving boundaries and, hence, the grid veloci-
ties are chosen based on boundary motion and with a view to maintain good mesh quality.
Another class of methods solves the PDE on moving meshes where the mesh motion is deter-
mined based on a monitor function which is designed to detect regions of large gradients in
the solution, see [13, 14] and the references therein. These methods achieve automatic clus-
tering of grid points in regions of large gradients. ALE schemes have been used to compute
multi-material flows as in [15], since they are useful to accurately track the material interface.
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The mesh velocity was chosen to be equal to the contact speed but away from the mate-
rial contact, the velocity was chosen by linear interpolation and was not close to Lagrangian.
There are other methods for choosing the mesh velocity which have been studied in [16, 17].
Lax—Wendroff type ALE schemes for compressible flows have been developed in [18]. Finite
volume schemes based on the ADER approach have been developed on unstructured grids
[19-21]. The theoretical analysis of ALE-DG schemes in the framework of Runge—Kutta
time stepping for conservation laws has been done in [22].

In the present work, we consider only the one-dimensional problem to set down the fun-
damental principles with which in an upcoming work, we shall solve the multi-dimensional
problem. The numerical method developed here will be usable in the multiple dimensions,
but additional work is required in multiple dimensions to maintain a good mesh quality
under fluid flow deformation. We develop an explicit discontinuous Galerkin scheme that is
conservative on moving meshes and automatically satisfies the geometric conservation law.
The scheme is a single-step method which is achieved using a predictor computed from a
Runge—Kutta scheme that is local to each cell in the sense that it does not require any data
from neighbouring cells and belongs to the class of schemes called the ADER method. Due
to the single-step nature of the scheme, the TVD limiter has to be applied only once in each
time step unlike in multi-stage Runge—Kutta schemes where the limiter is applied after each
stage update. This nature of the ADER scheme can reduce its computational expense, espe-
cially in multi-dimensional problems and while performing parallel computations. The mesh
velocity is specified at each cell face as the local velocity with some smoothing. We analyze
the positivity of the first-order scheme using the Rusanov flux and derive a CFL condition.
The scheme is shown to be exact for steady moving contact waves and the solutions are invar-
iant to the motion of the coordinate frame. Due to the Lagrangian nature, the Roe scheme
does not require any entropy fix. However, we identify the possibility of spurious contact
waves arising in some situations. This is due to the vanishing of the eigenvalue correspond-
ing to the contact wave. While the cell averages are well predicted, the higher moments of the
solution can be inaccurate. This behaviour of Lagrangian DG schemes does not seem to have
been reported in the literature. We propose a fix for the eigenvalue in the spirit of the entropy
fix of Harten [23] that prevents the spurious contact waves from occurring in the solution.
The methodology developed here will be extended to multi-dimensional flows in a future
work with a view towards handling complex sheared flows.

The rest of the paper is organized as follows. Section 2 introduces the Euler equation model
that is used in the rest of the paper. In Sect. 3, we explain the derivation of the scheme on a
moving mesh together with the quadrature approximations and computation of mesh velocity.
The computation of the predicted solution is detailed in Sect. 4. The TVD type limiter is pre-
sented in Sect. 5 for a non-uniform mesh, Sect. 6 shows the positivity of the first-order scheme
and Sect. 7 shows the preservation of constant states. The grid coarsening and refinement strat-
egy are explained in Sect. 8, while Sect. 9 presents a series of numerical results.

2 Euler Equations

The Euler equations model the conservation of mass, momentum and energy, and can be
written as a system of coupled partial differential equations laws of the form

ou Jf(u)
— 4+ —
ot ox

0, (D
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where u is called the vector of conserved variables and f(u) is the corresponding flux given
by

p pv
u=|pv|, f@=|[p+p*|
E pHv

In the above expressions, p is the density, v is the fluid velocity, p is the pressure and E is
the total energy per unit volume, which for an ideal gas is given by E = p/(y — 1) + pv?/2,
with y > 1 being the ratio of specific heats at constant pressure and volume, and
H = (E + p)/p is the enthalpy. The Euler equations form a hyperbolic system; the flux Jac-
obian A(u) = f'(u) has real eigenvalues and linearly independent eigenvectors. The eigen-
values are v — ¢, v, v+ ¢ where ¢ = \/yp/p is the speed of sound and the corresponding
right eigenvectors are given by

1 1 1
rh=|lv—c|, ry = 1V R ry=|v+c |. 2)
H—vc Evz H+ve

The hyperbolic property implies that A can be diagonalized as A = RAR™! where R is the
matrix formed by the right eigenvectors as the columns and A is the diagonal matrix of
eigenvalues.

3 Discontinuous Galerkin Method

3.1 Mesh and Solution Space

Consider a partition of the domain into disjoint cells with the jth cell being denoted by

C j(t) =[x 1 (1), x il ()]. As the notation shows, the cell boundaries are time dependent which
2 2

means that the cell is moving in some specified manner. The time levels are denoted by 7, with

the time step Az, =1, — t,. The boundaries of the cells move with a constant velocity in the

time interval (¢, ¢, ;) given by
o .n
Wj+%(t)_wj+%’ Iy < <1l

which defines a cell in space—time as shown in Fig. 1. The algorithm to choose the mesh

velocity w’_’+1 is explained in a later section. The location of the cell boundaries is given by
I3

Fig. 1 Example of a space—time t
cell in the time interval (¢, 1, ;) e o+l 2l
73 J Itz
tn+1
dr _ ,.n de _ ,.n
o T Wiy & — Wit1/2

ln

I
N|=

cr "
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x. 1) =x" t—t )w"
el (D=2, + =)W,

19
2

Let x,(7) and h;(¢) denote the center of the cell C;(7) and its length, i.e.,

x,(1) = %(xj_% O+ 21 IO = 2,0 () = x_10).

Let w(x, t) be the continuous linear interpolation of the mesh velocity which is given by

Xj+l(l‘) - X X = Xj_l(t)
H=—W' | +——W eC(), te(,t.,).
MO T e T TR e SO0 IS

We will approximate the solution of the conservation law by piecewise polynomials
which are allowed to be discontinuous across the cell boundaries as shown in Fig. 2. For a
given degree k > 0, the solution in the jth cell is given by

k
w0 =Y u;, e, x€C,
m=0

where {u;,, € R3,0 < m < k} are the degrees of freedom associated with the jth cell. The
basis functions ¢,, are defined in terms of Legendre polynomials

X — xj(t)

1 b
5hi(0)

Ou(x,0) = ¢,(8) = V2m+1P,(5), &=

where P,, : [-1,+1] — Riis the Legendre polynomial of degree m. The above definition of
the basis functions implies the following orthogonality property:

xﬂl(t)
/ i @06 0d = (06, 0<Lm<k. )
x_ 1 ()

J=

[NT]

We will sometimes also write the solution in the jth cell in terms of the reference coordi-
nates & as

k
w,E.0) = Y 1, (),(&).

m=0

Fig.2 Example of a discon-
tinuous piecewise polynomial
solution

I
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and we will use the same notation u to denote both functions.

3.2 Derivation of the Scheme

To derive the DG scheme on a moving mesh, let us introduce the change of variable
(x,1) = (&, 1) given by

) : X — xj(t)
T="L = : 4)
3hi(0)

For any 0 </ < k, we now calculate the rate of change of the /th moment of the solution
starting from

d [54? d [ 1
a /. u(x, @yx, Hdx = - /_ 1 u(8, 1)@/(&) 5 hi(r)de

A ou dn
= = h(t)— +u—|p&)dE,
/_1 []mar u— | G(E)dE
wherein we used the change of variables given by (4). But we also have the inverse
transform

t=r, x= xj(T) + ghj(f)’

and hence

or _ ox _dy gdhy

_ ¢ _
or or  dr * 2dr Z(Wj_% +Wf'+%)+ Z(WH% i) = W ).

1
2

Using the above relations, we can easily show that

ou ou ou
=(&,7) = —(x, 1) + wx, ) —(x, 1).
01(5 7) at(x )+ wx )ax(x )
Moreover
%—w =W _hd_w
dr =~ 2 =3 7 U oox’

since w(x, ?) is linear in x and hence a—W 1s constant inside each cell. Hence, the /th moment
. X
evolves according to

d [® / oow ou ow 1
d Do, (x, Hdx = <—+ o, —)A 2hd
al o u(x, N@(x, 1) L T u— <pl(§)2 JuS
.I—j
%1 @ )
=/ : — @) + i(wu) @,(x, t)dx,
N 0x 0x

_1(
2

J
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where we have transformed back to the physical coordinates and made use of the conserva-
tion law (1) to replace the time derivative of the solution with the flux derivative. Define
the ALE flux

gu,w) =f(u) —wu. (5)
Performing an integration by parts in the x variable, we obtain
d xj+l ® Y | @

T u,(x, Np,(x, Hdx = [ °

XF% (l‘) xj,l (l‘)

g(uh,w) 9 (p,(x fdx

8 @O0 = &, @O 1D,

2

where we have introduced the numerical flux

GRICID RO MRCRT O}

which provides an approximation to the ALE flux, see Appendix A. Integrating over the
time interval (¢, 7, ;) and using (3), we obtain

Rl =0t + / / g(uh,w) ~ (. Ndxdi
X 1(1)

n+l

+ ;-1 (t)col(xj_% D=8y (t)col(xj;% ,Dldz.

t

n

The above scheme has an implicit nature since the unknown solution u, appears on the
right-hand side integrals whereas we only know the solution at time #,. To obtain an
explicit scheme, we assume that we have available with us a predicted solution U, in the
time interval (¢,,7,,,), which is used in the time integrals to obtain an explicit scheme.
Moreover, the integrals are computed using quadrature in space and time leading to the
fully discrete scheme

hn+1 n+l =h'u"
Jl iU

0
+ A, Z 6,h(,) Zq‘, 18U, 7). W3y, 1) =013, 7,) 6
+ 80, 2, 018 1 WD %) =5 U 7))

where 0, is the weight for time quadrature and 7, is the weight for spatial quadrature. For
the spatial integral, we will use g = k + 1 point Gauss quadrature. For the time integral, we
will use the mid-point rule for k = 1 and two-point Gauss quadrature for kK = 2, 3. Since the
mesh is moving, the spatial quadrature points x, depend on the quadrature time 7, though
this is not clear from the notation. In practice, the integrals are computed by mapping the
cell to the reference cell, and the basis functions and its derivatives are also evaluated on
the reference cell. The quadrature points in the reference cell are independent of time due
to the linear mesh evolution.
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3.3 Mesh Velocity

The mesh velocity must be close to the local fluid velocity to have a Lagrangian charac-
ter to the scheme. Since the solution is discontinuous, there is no unique fluid velocity at
the mesh boundaries. Some researchers, especially in the context of Lagrangian meth-
ods, solve a Riemann problem at the cell face to determine the face velocity. Since we
use an ALE formulation, we do not require the exact fluid velocity which is anyway not
available to use since we only have a predicted solution. Following the exact trajectory
of the fluid would also lead to curved trajectories for the grid point, which is an unnec-
essary complication. In our work, we make two different choices for the mesh velocities.

i. The first choice is to take an average of the two velocities at every face. In the numeri-
cal results, we refer to this as ADG

Vv”lzl vlx™ 0, ) +vxt g, )]
Jt3 2 Jt5 J*3

ii. The second choice is to solve a linearized Riemann problem at the face at time 7,. In
the numerical results, we refer to this as RDG. For simplicity of notation, let the solu-

tion to the left of the face Xyl be represented as u_‘+1 and the solution to the right be
3 o
represented as u” . Then,

+3
n.nyn nooanon n__ .n
— PiCiVi ¥ Pi1CintVinn Pj = Pjy
T n.n no.n n.n no.n
+_
gk Pi€j T Pii G Pi€j  Pii G

We will also perform some smoothing of the mesh velocity, e.g., the actual face velocity
is computed from

Note that our algorithm to choose the mesh velocity is very local and hence easy and effi-
cient to implement as it does not require the solution of any global problems. In Springel
[1], the mesh velocity is adjusted so that the cells remain nearly isotropic which leads to
smoothly varying cell sizes. Such an approach leads to many parameters that need to be
selected and we did not find a good way to make this choice that works well for a range of
problems. Instead, we will make use of mesh refinement and coarsening to maintain the
quality of cells, i.e., to prevent very small or large cells from occurring in the grid. The
use of a DG scheme makes it easy to perform such local mesh adaptation without loss of
accuracy.

Remark 1 Consider the application of the proposed ALE-DG scheme to the linear advection
equation u, + au, = 0. In this case, the mesh velocity is equal to the advection velocity
Wil =a, 1.e., the cells move along the characteristics. This implies that the ALE flux
2
g(u,w) = au — wu = 0 and also the numerical flux gj +1 = 0. Thus, the DG scheme reduces to
2

n

“‘].'Jr} X
/1 S uy(x, b D@(x, 1, )dx = / 2 u,(x, t,)@,(x, t,)dx, [=0,1,--,k,
X X"
i

n+1
.1
)

-3
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so that the solution at time ¢, has been advected exactly to the solution at time 7, ;. Note
that there is no time step restriction involved in this case and the accuracy of the predicted
solution is also not relevant. If the initial condition has a discontinuity coinciding with a
cell face, then the scheme advects the discontinuity exactly without any diffusion.

4 Computing the Predictor

The predicted solution is used to approximate the flux integrals over the time interval (¢, ¢, ;)
and the method to compute this must be local, i.e., it must not require solution from neigh-
bouring cells. Several methods for computing the predictor have been reviewed in [24]. The
simplest approach is to use a Taylor expansion in space and time. Since the cells are moving,
the Taylor expansion has to be performed along the trajectory of the mesh motion. For a sec-
ond-order scheme, an expansion retaining only linear terms in ¢ and x is sufficient. Consider
a quadrature point (x,, 7,), the Taylor expansion of the solution around the cell center x7 and
time level 7, yields

" ou, . 2.0u,
uy(x,, 7,) = uh(xj 1)+ (7, — tn)g(xj )+ (x, — X; )a(x]’.’, t,)
+0(z, = 1,0 + O(x, = )%,

and the predicted solution is given by truncating the Taylor expansion at linear terms, lead-
ing to

Uk, t,)=u,x"t)+( —t)%(x” 1)+ (x —xn)%(x” t)
q "r/ T Fh\Yjo r noap I q i ox A
Using the conservation law, the time derivative is written as ad—': = —g—i = —Ag—’; so that the
predictor is given by
u)
RN nen n
Uh(xq, T,) = uh(xj) - (r,—1t,) [A(uh(xj ) — wa] E(Xj ). (7)

The above predictor is used for the case of polynomial degree k = 1. This procedure can
be extended to higher orders by including more terms in the Taylor expansion but the
algebra becomes complicated. Instead we will adopt the approach of continuous explicit
Runge—Kutta (CERK) schemes [25] to approximate the predictor.

Let us choose a set of (k+ 1) distinct nodes, e.g., Gauss—Legendre or Gauss—Lobatto
nodes, which uniquely define the polynomial of degree k. These nodes are moving with veloc-
ity w(x, ), so that the time evolution of the solution at node x,, is governed by

au,, 9 0
= 5, Un G 0+ (5, D= U (5,1

0 0
= —af(Uh(xm’ ) + w(x,,, t)aUh(xm’ n

= —[AU,®) - Wm(t)l]:—th(xm, n=:K,®,
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Fig.3 Quadrature points for t
second-order scheme
tn+1
¢ hd 7L =1tn+ %Atn
t7L
17— % T+ %
x
Fig.4 Quadrature points for t
third-order scheme
tn+1
T2

wherein we have made use of the PDE to write the time derivative in terms of spatial deriv-
ative of the flux. This equation is solved with the initial condition

U, (1) = u,(x,.1,).

Using a Runge—Kutta scheme of sufficient order (see Appendix B), we will approximate
the solution at these nodes as

U, (0 = u,(x,.1,) + Y. b((t = 1,)/At)K,, . 1 E€ [tt,yy), m=0,1, .k,

s=1

where K, ; = K, (¢, + 0,At,), 0,Ar,, is the stage time and b, are certain polynomials related
to the CERK scheme and given in Appendix B. Note that we are evolving the nodal values
but the computation of K,  requires the modal representation of the solution in order to
calculate spatial derivative of the solution.

Once the predictor is computed as above, it must be evaluated at the quadrature point
(x,, 7,) as follows. For each time quadrature point 7, € (7, ;1)

i. compute nodal values U, (z,),m =0, 1, -, k;
ii. for each r, convert the nodal values to modal coefficients u,, ., m =0, 1, --- , k;
o ,
iii. evaluate predictor U,(x,,7,) = X U, ,0,(x,,7,).
m=0

The conversion from nodal to modal values is accomplished through a Vandermonde
matrix of size (k + 1) X (k + 1) which is the same for every cell and can be inverted once
before the iterations start. The predictor is also computed at the cell boundaries using the
above procedure. Figures 3 and 4 show the quadrature points used in the second-, third-
and fourth-order scheme. For the second-order scheme, the values at ¢ and [] points are
obtained from the predictor based on Taylor expansion as given in (7). For third- and
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fourth-order schemes, the nodal values X are evolved forward in time by the CERK scheme
and evaluated at the ¢ points. The ¢ point values are converted to modal coefficients using
which the solution at the [] points is computed.

Remark 2 By looping over each cell in the mesh, the predicted solution is computed in
each cell and the cell integral in (6) is evaluated. The trace values Uj_+1 (z,)and UT | (z,) at
2 =3

the [] points needed for quadrature in time are computed and stored. These are later used in
a loop over the cell faces where the numerical flux is evaluated. Thus, the algorithm is eas-
ily parallelizable on multiple core machines and/or using threads.

5 Control of Oscillation by Limiting

High order schemes for hyperbolic equations suffer from spurious numerical oscillations
when discontinuities or large gradients are present in the solution which cannot be accu-
rately resolved on the mesh. In the case of scalar problems, this is a manifestation of loss
of TVD property and hence limiters are used to satisfy some form of TVD condition. In
the case of DG schemes, the limiter is used as a post-processor which is applied on the
solution after the time update has been performed. If the limiter detects that the solution
is oscillatory, then the solution polynomial is reduced to at most a linear polynomial with
a limited slope. In the present scheme, the limiter is applied after the solution is updated
from time ¢, to time 7, |, i.e., the solution uZ“ obtained from (6) is post-processed by the
limiter. Since the mesh is inherently non-uniform due to it being moved with the flow, we
modify the standard TVD limiter to account for this non-uniformity. Also, since we are
solving a system of conservation laws, the limiter is applied on the local characteristic vari-
ables which gives better results than applying it directly on the conserved variables [26].
The solution in cell j can be written as’

Xj

w,(x) =u; + —S; + higher order terms,
2"
where &; is the cell average value and s; is proportional to the derivative of the solution at
the cell center. Let R;, L; denote the matrix of right and left eigenvectors evaluated at the
cell average value @; which satisfy L, = Rj‘l, and the right eigenvectors are given in (2). The
local characteristic variables are defined by &* = L;# and s* = L;s. We first compute the
limited slope of the characteristic variables from

s a*-u* u
i j j—1 Jj+1

9 9 1
i Sy +hy) Sy + hyyy)

-
J

s;* = hj minmod

where the minmod function is defined by

smin(|al, |b|, |c|), if s = sign(a) = sign(b) = sign(c),

miand(a’ b7 C) = { 0 otherwise.

! 'We suppress the time variable for clarity of notation.
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If s;.‘* = s;.‘, then we retain the solution as it is, and otherwise, the solution is modified to

- = Hok
u,(x) = u;+ 1 stj .
2"
This corresponds to a TVD limiter which is known to lose accuracy at smooth extrema [27]
since the minmod function returns zero slope at local extrema. The TVB limiter corre-
sponds to replacing the minmod limiter function with the following function:

a, if |a| < Mh?,
minmod(a, b, ¢), otherwise,

minmod(a, b, ¢) = { (8)
where the parameter M is an estimate of the second derivative of the solution at smooth

extrema [27] and has to be chosen by the user.

6 Positivity Property

The solutions of Euler equations are well defined only if the density and pressure are pos-
itive quantities. This is not a priori guaranteed by the DG scheme even when the TVD
limiter is applied. In the case of Runge—Kutta DG schemes, a positivity limiter has been
developed in [28] which preserves accuracy in smooth regions. This scheme is built on a
positive first-order finite volume scheme. Consider the first-order version of the ALE-DG
scheme which is a finite volume scheme given by

n+l=n+l _ pn=n _ ANl _a"
T =y = ALg, — 8L 9)

The only degree of freedom is the cell average value and the solution is piecewise constant.
We will analyze the positivity of this scheme for the case of the Rusanov flux which is
given in 1. The update equation can be rewritten as

At
R e G ANt | LA
7o 2 J73 972 72 ak

Atﬂ n n =N n
o [\ ey )R

+At" At o+wtal = f
2 ]+% ]+% _]+1 ]+1

—a”ﬂ”+%B"+hC”
A 2 7 2 i’

From the definition of the Rusanov flux formula, we can easily see that?

<’lj—§ - Wj—§> Vi1 2 6y >0, (’%; + Wj+§> ~ Vi1 2 ¢ > 0.

2 We drop the superscript " in some of these expressions.

@ Springer



Communications on Applied Mathematics and Computation

Consider the first component of BJ’?

<ﬁ]_% - Wj_%>pj_1 + pj_lvj'_] Z<|Vj_1 - WJ_%l + Cj—l - W]_% + Vj_] >pj—]
=¢j_1pj—y > 0.

Consider the first component of CJT’

('1,4% + Wj+%>pj+l — PV 2(v; — Wit ! |+ ¢ + Wi = Vs
2Cjy1Pj41 > 0.
The pressure corresponding to B]’f is

2
2pi (v + /1]-_% - Wj_%)

y+1>0’

2
Dioi\ —Pi-1 T ij—lpj—lcj_lm 2

y—1

and similarly the pressure corresponding to C;f‘ is non-negative. Hence, if the coefficient in
term aJ’f is positive, then the scheme is positive. This requires the CFL condition

ZhJ’.’
Atﬂs n n n n .
At +w AT —=w
T A T A

The time step will also be restricted to ensure that the cell size does not change too much
in one time step. If we demand that the cell size does not change by more than a fraction
p € (0, 1), then we need to ensure that the time step satisfies

Combining the previous two conditions, we obtain the following condition on the time

step:
1 n
<1 - 5ﬁ>hj pi!
At, < Atle) '=min

N B Y n
P A 1+/1‘ 1
AN I

" J

(10)

We can now state the following result on the positivity of the first-order finite volume
scheme on moving meshes.

Theorem 1 The scheme (9) with the Rusanov flux is positivity preserving if the time step
condition (10) is satisfied.
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Remark 3 In this work, we have not attempted to prove the positivity of the scheme for
other numerical fluxes. We also do not have a proof of positivity for higher order version
of the scheme. In the computations, we use the positivity preserving limiter of [28] which
leads to robust schemes which preserve the positivity of the cell average value in all the test
cases.

7 Preservation of Constant States

An important property of schemes on moving meshes is their ability to preserve constant
states for any mesh motion. This is related to the conservation of cell volumes in relation
to the mesh motion. In our scheme, if we start with a constant state “Z = ¢, then the predic-
tor is also constant in the space—time interval, 1.e., U, = ¢. The space—time terms in (6) are
polynomials with degree k + 1 in space and degree one in time and these are exactly inte-
grated by the chosen quadrature rule. The flux terms at cell boundaries in (6) are of degree
one in time and these are also exactly integrated. Hence, the scheme (6) can be written as

n+l X l (t)
hn+1 n+l — h]nu]nl +/ / gle, W) (Pz(x t)dxdt
X 1(1)

Iny1
+/z l . l(t)qol< . ;,t> —§j+%(t)<0z<xj;%,t>ldt,

n

where u” 0=¢ andu! =0for/=1,2,---,k. Due to the constant predictor and by consist-
ency of the numer1cal flux

8010 =) -

Moreover, forl =1,2, --- , k,

n+l .X 1 (t) ln+l
/ / g(c, W) §01(x t)dXdH"/ [ ; l(t)€01< . ]7t> —§j+1(f)¢1<x7 1J>]dl
X1 ,, 2 2 AR
n+l x 1 (l) n+1
/ / —g(C w)@,(x, t)dxdf+/ [ l(f)(m( Y )-éﬂl(l)(ﬂl(f l,t>]dt
x 1(0) ) 2 I+
=z
n+l X ] (t)
/ / @,(x, t) g(c w)dxdrt
Y 1(f)

[ a xHL (1)
= - / —g(c, w) / T g, ydx Jdr = 0,
‘, ox .

i1 ®)

where we have used the property that w is an affine function of x and ¢, are orthogonal.
This implies that u;’fl =0forl/=1,2,:-,k.Forl =0, we get

n+ (wf‘ = w" l>Atlc,
’ RS

tn+l
B —h”c+/ lj—-(t) g+1(’)ldf

n
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and since h;.““ =h+ <w’.1 L= )At, we obtain u;, = ¢ which implies that u*' = c.
J=3 Jt3 ’

8 Grid Coarsening and Refinement

The size of the cells can change considerably during the time evolution process due to the near
Lagrangian movement of the cell boundaries. Near shocks, the cells will be compressed to
smaller sizes which will reduce the allowable time step since a CFL condition has to be satis-
fied. In some regions, e.g., inside expansion fans, the cell size can increase considerably which
may lead to loss of accuracy. To avoid too small or too large cells from occurring in the grid,
we implement cell merging and refinement into our scheme. If a cell becomes smaller than
some specified size h,;,, then it is merged with one of its neighbouring cells and the solution
is transferred from the two cells to the new cell by performing an L? projection. If a cell size
becomes larger than some specified size h,,,, then this cell is refined into two cells by division
and the solution is again transferred by the L? projection. The use of the L? projection for solu-
tion transfer ensures the conservation of mass, momentum and energy and preserves the accu-
racy in smooth regions. We also ensure that the cell sizes do not change drastically between
neighbouring cells. To keep a track of refinement of cells, each cell is assigned an initial level
equal to 0. The daughter cells created during refinement are assigned a level incremented from
the parent cell, while the coarsened cells are assigned a level decremented from the parent cell.

The algorithm for refinement and coarsening is carried out in three sweeps over all the
active cells. In the first sweep, we mark the cells for refinement or coarsening based on their
size and the level of neighboring cells. Cells are marked for coarsening if the size is less than
a pre-specified minimum size. They are marked for refinement if either the size of the cell is
larger than the maximum size or if the level of the cell is less than the level of the neighboring
cells. If none of the conditions are satisfied, the cells are marked for no change. In the second
sweep, a cell is marked for refinement if both the neighboring cells are marked for refinement.
A cell is also marked for refinement if the size of the cell is larger than twice the size of either
of the neighboring cells, and is also larger than twice the minimum size. The last condition is
inserted to prevent a cell being alternately marked for refinement and coarsening in consecu-
tive adaptation cycles. In the third and final sweeps, we again mark cells for refinement if both
the neighboring cells are marked for refinement. Further, we ensure that a cell marked for
refinement does not have a neighboring cell marked for a coarsening, since this can lead to an
inconsistent mesh.

9 Numerical Results

The numerical tests are performed with polynomials of degree one, two and three, together
with the linear Taylor expansion, two stage CERK and four stage CERK, respectively, for the
computation of the predictor. For the quadrature in time, we use the mid-point rule, two- and
three-point Gauss—Legendre quadrature, respectively. The time step is chosen using the CFL
condition,

A= e 1
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Table 1 Order of accuracy study

on static mesh using Rusanov N k=1 k=2 k=3

flux Error Rate  Error Rate  Error Rate
100  4.370E-02 - 3.498E-03 - 3.883E-04 -
200  6.611E-03 2.725 4.766E—04 2.876 1.620E—05 4.583
400 1.332E-03 2.518 6.415E-05 2.885 9.376E—-07 4.347
800  3.151E-04 2.372 8.246E-06 2910 5.763E—08 4.239
1600 7.846E—05 2.280 1.031E—06 2.932 3.595E-09 4.180

Table 2 Order of accuracy study N k=1 k=2 k=3

on moving mesh using Rusanov

flux Error Rate  Error Rate  Error Rate
100 2331E-02 - 3.979E-03 - 8.633E-04 -
200  6.139E—03 1.9250 4.058E—04 3.294 1.185E—-05 6.186
400  1.406E-03 2.0258 5.250E—05 3.122 7.079E-07 5.126
800  3.375E-04 2.0366 6.626E—06 3.077 4.340E—-08 4.760
1600 8.278E—05 2.0344 8.304E—07 3.057 2.689E-09 4.573

where A7) is given by (10), and the factor (2k + 1) comes from linear stability analysis
[27]. In most of the computations, we use CFL = 0.9 unless stated otherwise. We observe
that the results using the average or linearized Riemann velocity are quite similar. We use
the average velocity for most of the results and show the comparison between the two
velocities for some results. The main steps in the algorithm within one time step t, — £,

are as follows:

i. choose the mesh velocity Wiyl
2

ii. choose the time step Az,,;
1. compute the predictor U,,;

iv. update the solution u} to the next time level u

v. apply the TVD/TVB limiter on uZ“ ;
vi. apply the positivity limiter on uZ“ from [28];
vii. perform grid refinement/coarsening.

n+l.
h 9

In all the solution plots given below, symbols denote the cell average value.

9.1 Order of Accuracy

We study the convergence rate of the schemes by applying them to a problem with a known
smooth solution. The initial condition is taken as

p(x,0) = 1 + exp(—10x?),

ulx,0)=1,

p(x,0) =1,

whose exact solution is p(x,t) = p(x —1,0), u(x,t) =1, p(x,t) = 1. The initial domain
is [-5,+5] and the final time is # = 1 units. The results are presented using Rusanov and
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Table 3 Order of accuracy study N k=1 k=2 k=3
on static mesh using HLLC flux
Error Rate  Error Rate  Error Rate
100  4.582E-02 - 3.952E-03 - 3.464E-04 -

200  9.611E-03 2.253 4.048E-04 3.287 2.058E-05 4.073
400  2.052E-03 2240 4.640E-05 3.206 1.287E-06 4.036
800  4.803E-04 2.192 5.623E-06 3.152 8.061E-08 4.023
1600 1.184E-04 2.149 6.929E—-07 3.119 5.050E-09 4.016

Table 4 Order of accuracy study N k=1 k=2 k=3

on moving mesh using HLLC

flux Error Rate  Error Rate  Error Rate
100 1.590E-02 - 1.626E—03 - 1.962E—04 -

200  4.042E-03 1977 2.072E-04 2972 1.269E-05 3.950
400 1.014E-03 1985 2.605E-05 2982 7.983E-07 3.971
800  2.538E—04 1.990 3.261E-06 2988 4.997E-08 3.980
1600 6.349E-05 1992 4.077E-07 2991 3.124E—-09 3.985

Table 5 Orde.r of accuracy N k=1 k=2

study on moving mesh using

Rusanov flux using hlgher order Error Rate Error Rate

limiter [29]
100 2.053E-02 - 2.277E-03 -
200 4.312E-03 2.251 3.425E-04 2.732
400 1.031E-03 2.064 4.565E—05 2.907
800 2.550E-04 2.015 5.812E-06 2.973
1 600 6.356E-05 2.004 7.315E-07 2.990

HLLC numerical fluxes. The L? norm of the error in density is shown in Tables 1 and 3 for
the static mesh and in Tables 2 and 4 for the moving mesh. In each case, we see that the
error behaves as O(h**!) which is the optimal rate we can expect for smooth solutions. In
Table 5, we show that the ALE DG methods preserve its higher order in the presence of a
limiter.

The mesh velocity is constant since the fluid velocity is constant. To study the effect
of perturbations in mesh velocity, we add a random perturbation to each mesh velocity,

w..1 < (1 +ar,1)w,. 1 wherer, 1is a uniform random variable in [—1,+1] and a = 0.05
+3 J+3 7+ +3

and a sample velocity distribution is shown in Fig. 5. Note that this randomization is
performed in each time step with different random variables drawn for each face. For
the moving mesh, there is no unique cell size and the convergence rate is computed
based on initial mesh spacing which is inversely proportional to the number of cells.
From Table 6 which shows results using HLLC flux, we again observe that the error
reduces at the optional rate of k + 1 even when the mesh velocity is not very smooth.
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Fig.5 Example of randomized
velocity distribution for smooth
test case

Table 6 Order of accuracy study
on moving mesh using HLLC
flux with randomly perturbed
mesh velocity

Table 7 Order of accuracy
study on fixed mesh using Roe
flux with non-constant velocity
smooth test case

1.04¢
1.02F
,‘E’
2
£ 100t
<
3
=
0.98+
0.96 +
—10 ;5 0 5 10
X
k=1 k=2 k=3
Error Rate Error Rate Error Rate
100 1.735E-02 — 1.798E-03 — 2.351E-04 —
200 4.179E-03 2.051 2.848E-04 2.676 1.416E-05 4.069
400 1.054E-03 2.035 4.301E-05 2.703 8.578E-07 4.041
800 2.615E-04 1.943 6.012E-06 2.838 5.476E—-08 3.958
1600 7.279E-05 1.852 8.000E-07 2909 3.505E—-09 3.966
Error Rate Error Rate
100 8.535E-03 - 1.033E-03 -
200 1.958E-03 2.124 1.221E-04 3.08
400 4.721E-04 2.052 1.581E-05 2.95
800 1.238E-04 1.931 2.14E-06 2.89
1 600 3.563E-05 1.796 2.63E—07 3.02

9.2 Smooth Test Case with Non-constant Velocity

We also test the accuracy of our schemes on a isentropic problem with smooth solutions. In
the test case, the initial conditions are given by

p(x,0) =1+ 0.999999 5 sin(xx),

u(x,0) =0, p(x,0)=p"(x,0)

(11)

with y = 3 and periodic boundary conditions. For this kind of special isentropic problem,
the Euler equations are equivalent to the two Burgers equations in terms of their two Rie-
mann invariants which can then be used to derive the analytical solution. The errors are
then computed with respect to the given analytical solution. In contrast to the previous test
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Table 8 . Order of accuracy study N k=1 k=2
on moving mesh using Roe
flux with non-constant velocity Error Rate Error Rate
smooth test case
100 4.235E-03 - 2.238E-04 -
200 1.058E-03 2.001 3.255E-05 2.87
400 2.586E-04 2.035 4.301E-05 3.133
800 5.804E-05 2.155 5.762E-06 2.901
1 600 1.271E-05 2.192 7.401E-07 2.96
2.0 g 2.0
1.8} 1 1.8}
1.6} 16
z z
g 14} L g 14}
1.2} 1 1.2}
1.0t| — Exact 1.0t — Exact
e o DG(1) e o DG(1)
0.8 . . ! . 0.8 . ! . :
0.5 0.6 0.7 038 0.9 1.0 0.5 0.6 0.7 0.8 0.9 1.0
(a) (b)

Fig. 6 Single contact wave using Roe flux and 100 cells: a static mesh, b moving mesh

case, the velocity and pressure are not constant which makes this a more challenging test
case. We run the simulation with a WENO-type limiter from [28] and the positivity limiter
enabled. As we can see from Tables 7 and 8, the rate of convergence is maintained for the
moving mesh method with the moving mesh methods exhibiting much lower errors.

9.3 Single Contact Wave

In this example, we choose a Riemann problem which gives rise to a single contact
wave in the solution that propagates with a constant speed. The initial condition is
given by

(pov.p) (2.0,1.0,1.0), ifx < 0.5,
P-V-P) =19 (1.0,1.0,1.0), ifx > 0.5,

and the contact wave moves with a constant speed of 1.0. The solutions on static and mov-
ing meshes are shown in Fig. 6 at time ¢ = 0.5 using the Roe flux. The moving mesh is
able to exactly resolve the contact wave while the static mesh scheme adds considerable
numerical dissipation that smears the discontinuity over many cells. The accurate resolu-
tion of contact waves is a key advantage of such moving mesh methods, which are capable
of giving very good resolution of the contact discontinuity even on coarse meshes.
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Fig.7 Sod problem using Roe flux, 100 cells and TVD limiter: a static mesh, b moving mesh
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Fig. 8 Sod problem using Roe flux, 100 cells and TVD limiter: a static mesh, b moving mesh

9.4 Sod Problem

The initial condition for the Sod test case is given by [30]

( ) — (1'0, 09 10)’ lfx < 05,
P-V-P)=19(0.125,0,0.1), ifx > 0.5,

and the solution is computed up to a final time of 7 = 0.2 with the computational domain
being [0, 1]. Since the fluid velocity is zero at the boundary, the computational domain
does not change with time for the chosen final time. The exact solution consists of a rare-
faction fan, a contact wave and a shock wave. In Fig. 7, we show the results obtained using
the Roe flux with 100 cells and the TVD limiter on static and moving meshes. The contact
wave is considerably well resolved on the moving mesh as compared to the static mesh due
to reduced numerical dissipation on moving meshes (Figs. 8 and 9).

To study the Galilean invariance or the dependence of the solution on the choice
of coordinate frame, we add a boost velocity of V =10 or V = 100 to the coordinate
frame, which implies that the initial fluid velocity is v(x,0) = V and the other quantities
remain as before. Figure 10a shows that the accuracy of the static mesh results degrades
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Fig.9 Sod problem using Roe
flux, 100 cells and TVD limiter.
ADG average velocity, RDG
linearized riemann velocity

X
Tablg 9 Number qf iterations v 0 10 100
required to reach time t = 0.2
for Sqd test for dlffer.ent boost Static mesh 144 310 6 807
velocity of the coordinate frame
Moving mesh 176 176 176
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Fig. 10 Effect of coordinate frame motion on Sod problem using Roe flux, 100 cells and TVD limiter: a
static mesh, b moving mesh

with increase in velocity of the coordinate frame, particularly the contact discontinuity
is highly smeared. The results given in Fig. 10b clearly show the independence of the
results on the moving mesh with respect to the coordinate frame velocity. The allowed
time step from CFL condition decreases with increase in coordinate frame speed for the
static mesh case, while in case of the moving mesh, it remains invariant. This means
that in case of static mesh, we have to perform more time steps to reach the same final
time as shown in Table 9, which increases the computational time. Thus, the moving
mesh scheme has the additional advantage of allowing a larger time step compared to
the fixed mesh scheme.

Finally, we compute the solutions using quadratic and cubic polynomials and the
results are shown in Fig. 11. The solutions look similar to the case of linear polynomials
and have the same sharp resolution of discontinuities.
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Fig. 11 Sod problem on moving mesh using Roe flux, 100 cells and TVD limiter: a Degree = 2, b Degree
=3
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Fig. 12 Lax problem using HLLC flux, 100 cells and TVD limiter: a static mesh, b moving mesh

9.5 Lax Problem

The initial condition is given by

(pov.py = | (0:445,0698,3528), if x <0,
P-V-P) =1 (0.5,0,0.571), if x> 0.

The computational domain is [-10,4+10] and we compute the solution up to a final time
of T = 1.3. This problem has a strong shock and a contact wave that is difficult to resolve
accurately. The zoomed view of density is shown at the final time in Fig. 12, and we
observe that the moving mesh results are more accurate for the contact wave, which is the
first discontinuity in the figure. The second discontinuity is a shock which is equally well
resolved in both cases. We can observe that the grid is automatically clustered in the region
between the contact and shock wave, but no explicit grid adaptation was used in this simu-
lation (Fig. 13).
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Fig. 13 Lax problem using
HLLC flux, 100 cells and TVD
limiter. ADG average veloc-
ity, RDG linearized Riemann
velocity
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Fig. 14 Shu-Osher problem using Roe flux: a static mesh, 200 cells, M = 0, b moving mesh, 200 cells,
M = 0, ¢ static mesh, 200 cells, M = 100, d static mesh, 300 cells, M = 100
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Fig. 15 Shu-Osher problem 4.8

Exact

using Roe flux on moving mesh DG(1), poly
’ DG(1), avg

9.6 Shu-Osher Problem

The initial condition is given by [31]

(pov.py = | (3:857143,2.629369,10.333333), if x < 4,
P>V-P) = (1 +0.25in(5%),0, 1.0), ifx> —4,

which involves a smooth sinusoidal density wave which interacts with a shock. The domain
is [-5,+5] and the solution is computed up to a final time of 7 = 1.8. The solutions are
shown in Fig. 14a, b on static and moving meshes using 200 cells and the TVD limiter. The
moving mesh scheme is considerably more accurate in resolving the sinusoidal wave struc-
ture that arises after interaction with the shock. In Fig. 14c, we compute the solution on
static mesh with the TVB limiter and the parameter M = 100 in (8). In this case, the solu-
tions on static mesh are more accurate compared to the case of the TVD limiter but still not
as good as the moving mesh results. The moving mesh result has more than 200 cells in
the interval [-5, +5] at the final time since cells enter the domain from the left side. Hence
in Fig. 14d, we show the static mesh results with 300 cells and using the TVB limiter. The
results are further improved for the static mesh case but still not as accurate as the moving
mesh case. The choice of parameters in the TVB limiter is very critical but we do not have
a rigorous algorithm to choose a good value for this. Hence, it is still advantageous to use
the moving mesh scheme which gives improved solutions even with the TVD limiter.

The above results show that the ALE method is very accurate in terms of the cell aver-
ages. In Fig. 15, we show a zoomed view of density and pressure, where we also plot the
linear polynomial solution. The slope of the solution is not accurately predicted with the
Roe scheme and there are spurious contact discontinuities as the pressure and velocity
are nearly continuous. This behaviour is observed with all contact preserving fluxes like
Roe, HLLC and HLL-CPS but not with the Rusanov flux. Due to the almost Lagrangian
character of the scheme, the eigenvalue corresponding to the contact wave, 4, =v —w, is
nearly zero, which leads to the loss of dissipation in the corresponding characteristic field.
If a spurious contact wave is generated during the violent dynamics, then this wave will be
preserved by the scheme leading to wrong solutions. We modify the Roe scheme by pre-
venting this eigenvalue from becoming too small or zero, which is similar to the approach
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Fig. 16 Shu—Osher problem
using modified Roe flux on mov-
ing mesh
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Fig. 17 Shu—Osher problem using the modified Roe flux, the TVD limiter, quadratic polynomials and 150
cells. a static mesh, b moving mesh

used for the entropy fix. The eigenvalue |4,| used in the dissipative part of the Roe flux is
determined from

il = [v—wl, if [v—w|>é =ac,
4] = %(5+ |v —w|?/6), otherwise.

With this modification and using a = 0.1, the solution on the moving mesh is shown in
Fig. 16 and we do not observe the spurious contact discontinuities which arise with the
standard Roe flux, while at the same time, the solution accuracy compares favourably with
the previous results that did not use the eigenvalue fix.

We next compute the solutions using quadratic polynomials. Figure 17 shows the
results obtained with the TVD limiter which shows the dramatically better accuracy that
is achieved on the moving mesh compared to static mesh. In Fig. 18, we perform the
same computation with a WENO limiter taken from [29]. The static mesh results are now
improved over the case of the TVD limiter but still not as good as the moving mesh results
in terms of capturing the extrema. In Fig. 19, we show a zoomed view of the results on the
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Fig. 18 Shu—Osher problem using modified Roe flux, WENO limiter, quadratic polynomials and 150 cells.
a Static mesh, b moving mesh
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Fig. 19 Shu-Osher problem using modified Roe flux, moving mesh, quadratic polynomials and 150 cells. a
TVD limiter, b WENO limiter

moving mesh with TVD and WENO limiters. We see that the TVD limiter is also able to
capture all the features and is almost comparable to the WENO limiter.

9.7 Titarev-Toro Problem

Titarev—Toro problem is an extension of the Shu—Osher problem [32] to test a severely
oscillatory wave interacting with a shock wave. It aims to test the ability of higher order
methods to capture the extremely high-frequency waves. The initial condition is given by

vy = (1:515695,0.523346,1.805), —5 <x < 4.5,
PY-P) =9 (1 0.1 sin(207x), 0, 1), —45<x<5. (12)

The computation is carried out on a mesh of 1 000 cells with the final time 7' = 5 and the
density at this final time is shown in Figs. 20 and 21. The fixed mesh is not able to resolve
the high-frequency oscillations due to dissipation in the fluxes and the TVD limiter, but the
ALE scheme gives an excellent resolution of these high-frequency oscillations. Note that
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the ALE scheme also uses the same TVD limiter but it is still able to resolve the solution
to a very degree of accuracy. This result again demonstrates the superior accuracy that can
be achieved using a nearly Lagrangian ALE scheme in problems involving interaction of
shocks and smooth flow structures.

9.8 123 Problem

The initial condition is given by [33]

( )= [(10,-20,04), x < 0.5,
P-V-P) =N (1.0,4+2.0,0.4), x> 0.5.

The computational domain is [0, 1] and the final time is 7 = 0.15. The density using 100
cells is shown in Fig. 22 with static and moving meshes. The mesh motion does not signifi-
cantly improve the solution compared to the static mesh case since the solution is smooth.
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Fig. 22 123 problem using HLLC flux and 100 cells: a static mesh, b moving mesh
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Fig.23 123 problem using HLLC flux and grid refinement: a static mesh, b moving mesh with mesh adap-
tation (4, = 0.05) leading to 108 cells at final time
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Fig.24 123 problem using
HLLC flux, 100 cells and TVD
limiter. ADG average veloc-
ity, RDG linearized Riemann
velocity

On the contrary, the mesh becomes rather coarse in the expansion region, though the solu-
tion is still well resolved. However, severe expansion may lead to very coarse meshes
which may be undesirable. To prevent very coarse cells, we switch on the mesh refinement
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Fig. 25 Blast problem using HLLC flux and 400 cells. a Static mesh, b moving mesh with adaptation

(Amin = 0.001) leading to 303 cells at final time
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Fig. 26 Blast problem using HLLC flux, quadratic polynomials and 400 cells. a Static mesh, b moving
mesh with adaptation (%,,;, = 0.001) leading to 293 cells at final time

min

algorithm as described before and use the upper bound on the mesh size as h_,, = 0.05.
The resulting solution is shown in Fig. 23 where the number of cells has increased to 108
at the time shown. The central expansion region is now resolved by more uniformly sized
cells compared to the case of no grid refinement (Fig. 24).

9.9 Blast Problem
The initial condition is given by [34]
(1.0,0,1000.0), x < 0.1,

(p,v,p) =1 (1.0,0,0.01), 0.1 <x< 0.9,
(1.0,0,100.0), x> 0.9
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Fig. 27 Blast problem using
HLLC flux, 100 cells and TVD
limiter. ADG average veloc-
ity, RDG linearized Riemann
velocity

with a domain of [0, 1] and the final time is 7 = 0.038. A reflective boundary condition
is used at x = 0 and x = 1. A mesh of 400 cells is used for this simulation and in case of
the moving mesh, we perform grid adaptation with 4_;, = 0.001 since some cells become
very small during the collision of the two shocks. The positivity preserving limiter of [28]
is applied together with the TVD limiter and HLLC flux. The static mesh results shown in
Fig. 25a indicate too much numerical viscosity in the contact wave around x = 0.6. This
wave is more accurately resolved in the moving mesh scheme as seen in Fig. 25b which
is an advantage due to the ALE scheme and is a very good indicator of the scheme accu-
racy as this is a very challenging feature to compute accurately. We next compute the same
problem using quadratic polynomials with all other parameters being as before. The solu-
tions are shown in Fig. 26 and indicate that the Lagrangian moving mesh scheme is more
accurate in resolving the contact discontinuity. The higher polynomial degree does not
show any major improvement in the solution compared to the linear case, which could be a
consequence of the strong shock interactions present in this problem, see Fig. (4.11-4.12)
in [29] and Fig. (3.7) in [35] in comparison to current results (Fig. 27).

9.10 Le Blanc Shock Tube Test Case

The Le Blanc shock tube test case is an extreme shock tube problem where the initial dis-
continuity separates a region of high energy and density from one of low energy and den-
sity. This is a much more severe test than the Sod problem and hence more challenging
for numerical schemes. The computational domain is 0 < x < 9 and is filled with an ideal
gas with y = 5/3. The gas is initially at rest and we perform the simulation up to a time of
T = 6 units. The initial discontinuity is at x = 3 and the initial condition is given by

1.0,0,0.1), if x < 3,
(p,v,p) = {( ) x

(0.001,0,1077), if x > 3. (13)

Note that both the density and pressure have a very large jump in the initial condition. The
solution that develops from this initial condition consists of a rarefaction wave moving to
the left and a contact discontinuity and a strong shock moving to the right. In Fig. 28, we
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Fig. 28 Internal energy for Le Blanc shock tube with Rusanov flux, 1 400 cells and TVD limiter, ADG
average velocity, RDG linearized Riemann velocity
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show the comparison of the internal energy profile at final time between a fixed mesh solu-
tion and moving mesh solutions with two different mesh velocities as described before.
Most methods tend to generate a very large spike in the internal energy in the contact
region, e.g., compare with Fig. (11) in [36], while the present ALE method here is able
to give a better profile. We plot the pressure profile in Fig. 29 which shows that the ALE
scheme is able to better represent the region around the contact wave as compared to fixed
mesh method.

9.11 Two-Dimensional Isentropic Vortex Test Case
The extension to two dimensions involves two aspects that need to be addressed. The first

issue is how to handle the grid motion and the second is how to formulate the ALE-DG
scheme. The second part is a natural generalization of the DG scheme we have described
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Table 10 Isentropic vortex in

2D: order of accuracy study on k=1 k=2

two-dimensional static mesh Error Rate Error Rate
50 x50 2.230E-03 - 1.762E—04 -
100 x 100 5.987E-04 1.945 2.305E-05 2.934
200 x 200 1.498E—04 1.998 2.973E-06 2.955
400 x 400 3.786E-05 1.984 3.762E-07 2.982
800 x 800 9.617E-06 1.977 3.474E-08 2.991

for the 1-D case in this paper, except that we have to construct basis functions on triangles
and perform some numerical quadrature. The first part involving grid movement is more
complicated and we present only very preliminary results in this section to demonstrate
that the idea has merit. We now consider the two-dimensional Euler equations written as

ou_ W) | 95w) _

— + 0,
ot ox dy (14)
where
p pu pv
17 fw=| P =] P 15
vl - puv |’ g\ = p+p? | (15)
E (E+pu (E+p)yv
1
p=W—DE—§Mf+ﬂ% (16)

The test case we consider involves an isentropic vortex that is advecting with the constant
velocity and is a smooth solution for which error norms can be calculated. The test is car-
ried out on a square domain [—10, 10] X [—10, 10] with periodic boundary conditions. The
initial condition is an isentropic vortex (Table 10)

(r — 1)ﬁ2 1—72
T=1-"—2"¢"",
S (17)
1
p=Tm, (18)
)
u=um_£yeu, (19)
2
v=vw—£yelz , (20)
p=p 21)

withu  =1,v, =0,y = 1.4, = 10. As the solution evolves in time, the mesh becomes
quite deformed because the vortex is continually shearing the mesh, which can lead to
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Table 11 Isentropic vortex in
2D: order of accuracy study on
two-dimensional moving mesh

Fig. 30 Isentropic vortex in 2-D:

skewed mesh without remeshing
t =2.660534

N k=1 k=2

Error Rate Error Rate
50 x 50 2.230E-03 - 1.762E-04 -
100 x 100 5.987E-04 1.945 2.305E-05 2.934
200 x 200 1.498E—-04 1.998 2.973E-06 2.955
400 x 400 3.786E—05 1.984 3.762E-07 2.982
800 x 800 9.617E-06 1.977 3.474E-08 2.991

degenerate meshes, as shown in Fig. 30. We avoid the occurrence of badly shaped triangles
using a combination of face swapping and mesh velocity smoothing algorithms [37, 38].
The mesh modification is a very local procedure and does not require global remeshing
which is a costly process. With these techniques, we are able to maintain a good mesh
quality even after the vortex has rotated 4 times around its center as shown in Fig. 31. As
the vortex is translating, we plot the solution in a window centered at the vortex center. We
can see that the method maintains its high order of accuracy from the convergence rates of
the error shown in Table 11; using linear basis functions yields second-order convergence
while quadratic basis functions lead to third-order convergence.
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Fig. 31 Isentropic vortex in 2-D: mesh and pressure solution at various times at=0,bt=6,ct=12,d
=20

10 Summary and Conclusions

We have developed an explicit DG scheme on moving meshes using ALE framework
and space—time expansion of the solutions within each cell. The near Lagrangian nature
of the mesh motion dramatically reduces the numerical dissipation, especially for con-
tact waves. Even moving contact waves can be exactly computed with a numerical flux
that is exact for stationary contact waves. The scheme is shown to yield superior results
even in the presence of the large boost velocity of the coordinate system indicating its
Galilean invariance property. The standard Roe flux does not suffer from entropy viola-
tion when applied in the current nearly Lagrangian framework. However, in some prob-
lems with strong shocks, spurious contact waves can appear and we propose to fix the
dissipation in Roe-type schemes that eliminates this issue. The method yields accurate
solutions even in combination with standard TVD limiters, where fixed grid methods
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perform poorly. The mesh motion provides automatic grid adaptation near shocks but
may lead to very coarse cells inside expansion waves. A grid adaptation strategy is
developed to handle the problem of very small or very large cells. The presence of the
DG polynomials makes it easy to transfer the solution during grid adaptation without
loss of accuracy. The proposed methodology is general enough to be applicable to other
systems of conservation laws modelling fluid flows. The basic idea can be extended
to multi-dimensions but additional considerations are required to maintain good mesh
quality under fluid deformations. The preliminary results shown for the isentropic vor-
tex are very promising for the 2-D case.
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Appendix A: Numerical Flux

The ALE scheme requires a numerical flux g(u;,u,,w) which is usually based on some
approximate Riemann solver. The numerical flux function is assumed to be consistent in the
sense that

gu,u,w)=g(u,w), YueR,weR.

Since the ALE versions of the numerical fluxes are not so well known, here we list the for-
mulae used in the present work.

Rusanov Flux

The Rusanov flux is a variant of the Lax—Friedrich flux and is given by
A 1 1
g(ul’ uya W) = 5 [g(ul’ W) + g(ur’ W)] - zilr(ur - ul)a

where A, = A(u;,u,,w),
A(ulauraw) = max{lvl - Wl + Cr |Vr - Wl + Cr}a

which is an estimate of the largest wave speed in the Riemann problem. Since the mesh
velocity is close to the fluid velocity, the value of A is close to the local sound speed. Thus,
the numerical dissipation is independent of the velocity scale.

Roe Flux

The Roe scheme [39] is based on a local linearization of the conservation law and then
exactly solving the Riemann problem for the linear approximation. The flux can be written as

N 1 1
g(ula u,, W) = E[g(ul’ W) +g(ur’ W)] - ElAwl(ur - ul)a
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where the Roe average matrix A,, = A, (u,, u,) satisfies
g(ur’ W) - g(ul’ W) = Aw(ur - ul)’

and we define |[A, | = R|A — wI|R~!. This matrix is evaluated at the Roe average state u(g),
q= %(ql +¢q,), where g = \/E[l, v, H]"is the parameter vector introduced by Roe.

HLLC Flux

This is based on a three wave approximate Riemann solver and the particular ALE version
we use can also be found in [15]. Define the relative velocity g = v — w; then, the numeri-
cal flux is given by

gu,w), S >0,
g*(u?,w), S; <0< S8y,
gw,w), §,;,<0<S,
gu,,w), S,.<0,

gu,u,,w)=

where the intermediate states are given by

| Sy = 9)Pq
U, =g —5 | Sa= )V +p"=py |, a=Lr,
« TMIN(S, =4 )E, —Pody + P Sy
and
0
g (u,w)=S,u+ p* ,
Sy +w)p*
where

p* = piqr = SDG; = Sp) + 1 = 2,(q, = $)(q, = Sp) + P,
which gives §;, as

_ P45 = a) = piq(S; = ) + P — P,

Su
PS8, —q,) — (S, —q)

The signal velocities are defined as
S, =min{q, — ¢,y —w—2¢}, S, = max{q, +c,, b —w+ ¢},

where ¥, ¢ are Roe’s average velocity and speed of sound.

Appendix B: Continuous Expansion Runge-Kutta (CERK) Schemes

We use a Runge—Kutta scheme to compute the predicted solution used to compute all the inte-
grals in the DG scheme. In this section, we list down the CERK scheme for the following
ODE:
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du

” = f(u,t).

Given the solution u" at time 7,,, the CERK scheme gives a polynomial solution in the time

interval [z, 7, ;) of the form

u(t, + 0h) =u" +h Y b(Ok, 00,1,
s=1
where 7, is the number of stages and & denotes the time step.

Second Order (CERK2)

The number of stages is n, = 2 and
b(@)=60-6%/2,  b(0)=6%/2,
and

kl :f(uﬂ, tn)a
ky = f(u" + hk,,t, + h).

Third Order (CERK3)

The number of stages is n, = 4 and

ki =f@W",1,),

ky = f@" + (12)23)hk,, 1, + 12h/23),

ky = F(u" + h((=68/375)k, + (368/375)ky). 1, + 4h/5),

ky = fG" + h((31/ 1440k, + (529/1 152)k, + (125/384)k;), 1, + h),

and
b (0) = (41/72)6° — (65/48)6% + 6,
by(0) = —(529/576)6° + (529/384)9?,
by(0) = —(125/192)6° + (125/128)6?,
b,(0) = 6° — 6°.
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Arbitrary Lagrangian-Eulerian discontinuous
Galerkin method for 1-D Euler equations

Praveen Chandrashekar and Jayesh Badwaik

Abstract We propose an explicit in time discontinuous Galerkin scheme on moving
grids using the arbitrary Lagrangian-Eulerian approach for one dimensional Euler
equations. The grid is moved with a velocity that is close to the local fluid velocity,
which considerably reduces the numerical dissipation in the Riemann solvers. Lo-
cal grid refinement and coarsening are performed to maintain the mesh quality and
avoid very small or large cells. Second, third and fourth order methods are devel-
oped and several test cases are provided to demonstrate the accuracy of the proposed
scheme.

1 Introduction

Finite volume schemes based on exact or approximate Riemann solvers are able to
compute discontinuous solutions in a stable manner since they have implicit dissipa-
tion built into them due to the upwind nature of the schemes. Higher order schemes
are constructed following a reconstruction approach combined with a high order
time integration scheme. While formally high order methods can converge at high
rates for smooth solutions, they can still introduce too much numerical dissipation
on coarse meshes. Springel [5] gives the example of a Kelvin-Helmbholtz instability
in which adding a large constant velocity to both states leads to suppression of the
instability due to excessive numerical dissipation. This behaviour is attributed to the
fact that fixed grid methods based on upwind schemes are not Galilean invariant.
Upwind schemes, even when they are formally high order accurate, are found to be
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2 Praveen Chandrashekar and Jayesh Badwaik

too dissipative when applied to turbulent flows [2] since the numerical viscosity can
overwhelm the physical viscosity.

The inherent numerical dissipation in upwind schemes can be reduced if the
grid moves along with the flow as in Lagrangian methods or arbitrary Lagrangian-
Eulerian approach [1], where the mesh velocity can be chosen to be close to the
local fluid velocity but may be regularized to maintain the mesh quality. In [5], the
mesh is regenerated after every time step based on a Delaunay triangulation, which
allows it to maintain good mesh quality even when the fluid undergoes large shear
deformation. However these methods have been restricted to second order accuracy.

Traditionally, ALE methods have been used for problems involving moving
boundaries as in wing flutter, store separation and other problems involving fluid
structure interaction. Another class of methods solve the PDE on moving meshes
where the mesh motion is determined based on a monitor function which is de-
signed to detect regions of large gradients in the solution, see [6] and the references
therein. These methods achieve automatic clustering of grid points in regions of
large gradients. ALE schemes have been used to compute multi-material flows as
in [3], since they are useful to accurately track the material interface.

In the present work, we consider the one dimensional problem and propose an
explicit discontinuous Galerkin scheme that is conservative on moving meshes and
automatically satisfies the geometric conservation law. The scheme is a single step
method which is achieved by using a predictor. Numerical results show the dramatic
improvement in resolving discontinuities, especially contact waves. Apart from the
geometric complexity, the proposed scheme can be extended to multiple dimen-
sions.

2 Euler equations

The Euler equations are a hyperbolic system of conservation laws for mass, momen-
tum and energy, and can be written as

8u+8f(u):0 0

ot ox

where u is called the vector of conserved variables and f(u) are the corresponding
fluxes given by

p pv
u=|pv|,  flu)=|p+p»
E pHv

In the above expressions, p is the density, v is the velocity, p is the pressure and E is
the total energy per unit volume, which for an ideal gas is given by E = p/(y—1) +
pv?/2, with ¥ > 1 being the ratio of specific heats at constant pressure and volume,
and H = (E + p)/p is the enthalpy.
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Fig. 1 Space-time cell

3 Mesh and solution space

Consider a partition of the domain into disjoint cells with the j’th cell being denoted
by C;(t) = (xj_ 1(t),x it (t)). As the notation shows, the cell boundaries are time
2 2
dependent which means that the cell is moving in some specified manner. The time
levels are denoted by #, with the time step At, = #,+-1 —t,. The boundaries of the
cells move with a constant velocity in the time interval (,,,%,4+1) given by
wj+%(t):w;f+%, ty <t <ty
which defines a cell in space-time as shown in figure (1). The algorithm to choose
the mesh velocity w;+1 is explained in a later section. Let w(x,) be the continuous
2

linear interpolation of the mesh velocity. We approximate the solution of the conser-
vation law by piecewise polynomials which are allowed to be discontinuous across
the cell boundaries. For a given degree k > 0, the solution in the j’th cell is given by

k
up(x,1) = Z_,Ouj,m(t)¢m(x7f)7 xeCt)

where {u;, € R3,0 < m < k} are the degrees of freedom associated with the j’th
cell. The basis functions @, are defined in terms of Legendre polynomials by map-
ping to a reference cell.

4 Discontinuous Galerkin method

Define the ALE flux as g(u,w) = f(u) —wu. The weak formulation after performing
an integration by parts in the x variable, leads to
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Xj+l (l) xj+l (t) a
[ wneenie= [T g o

1(1)
2

j7

A JF _ A —
+8; 1 n(0) o)1) — 8y (un (1) @il 1)
where we have introduced the numerical flux

80y (1) = B, (0.7 (0w, (1)

which provides an approximation to the ALE flux. The above scheme has an im-
plicit nature since the unknown solution u;, appears on the right hand side integrals
whereas we only know the solution at time #,. In order to obtain an explicit scheme,
we assume that we have available with us a predicted solution U, in the time interval
(fn,tn+1), which is used in the time integrals to obtain an explicit scheme. Moreover,
the integrals are computed using quadrature in space and time leading to the fully
discrete scheme

P)
W = W+ Aty Y 6, (5) Y ng8(Un (ks ) Wi, 7)) 5 - 0, )
r q

~ + A —
+Atnzr‘,9r[gj7% (Uh(fr))(Pl(xFl Tr) — gj+% (Uh(fr))(Pl(xH%aTr)]
where 6, are weights for time quadrature and 1), are weights for spatial quadrature.
In practice, the integrals are computed by mapping the cell to the reference cell, and
the basis functions and its derivatives are also evaluated on the reference cell.

4.1 Mesh velocity

The mesh velocity must be close to the local fluid velocity in order to have a La-
grangian character to the scheme. Since the solution is discontinuous, there is no
unique fluid velocity at the mesh boundaries. Some researchers, especially in the
context of Lagrangian methods, solve a Riemann problem at the cell face to deter-
mine the face velocity. Since we use an ALE formulation, we do not require the
exact velocity and in our work we make a simple choice which is to take an average
of the two velocities at every cell face

We will also perform some smoothing of the mesh velocity, e.g., the actual face
velocity is computed from
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Note that our algorithm to choose the mesh velocity is very local and hence easy and
efficient to implement as it does not require the solution of any global problems.

5 Computing the predictor

The predicted solution is used to approximate the flux integrals over the time inter-
val (#,,t,+1) and the method to compute this must be local, i.e., it must not require
solution from neighbouring cells. For a second order scheme, a Taylor expansion re-
taining only linear terms in 7 and x is sufficient. For higher order schemes, we adopt
the approach of continuous explicit Runge-Kutta (CERK) schemes [4] to approxi-
mate the predictor. Let us choose a set of (k+ 1) distinct nodes, e.g., Gauss-Legendre
or Gauss-Lobatto nodes, which uniquely define the polynomial of degree k. These
nodes are moving with velocity w(x,t), so that the time evolution of the solution at
node x,, is governed by

dU 0

C — (AW (1)) 0] U, 1) = K1)

with initial condition U, (#,,) = up (X, 1, ). Using a Runge-Kutta scheme of sufficient
order, we will approximate the solution at these nodes as

Un(t) =y (X tn) + Y bs((t = 10)/Atg)Kins, 1€ [tnsta1), m=0,1,....k

s=1

where K, s = K,y (1, + 6,At,,), O,At, is the stage time and by are certain polynomials
related to the CERK scheme.

6 Positivity property

The solutions of Euler equations are well defined only if the density and pressure are
positive quantities. This is not a priori guaranteed by the DG scheme even when the
TVD limiter is applied. In the case of Runge-Kutta DG schemes, a positivity limiter
has been developed in [7] which preserves accuracy in smooth regions. This scheme
is built on a positive first order finite volume scheme. For the first order ALE-DG
scheme using Rusanov flux, we can show positivity property provided the time step
satisfies

1- 1B "
auy< 2= mind = 3 P | @
7] -1t j+%) Wity TV

Here 8 € (0,1) is the maximum allowed change in cell size during one time step
relative to the previous size.
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Theorem 1. The scheme first order ALE-DG scheme with Rusanov flux is positivity
preserving if the time step condition (2) is satisfied.

Remark 1. In the computations, we use the positivity preserving limiter of [7] which
leads to robust schemes which preserve the positivity of the cell average value in all
the test cases.

Remark 2. An important property of schemes on moving meshes is their ability to
preserve constant states for any mesh motion. This is related to the conservation
of cell volumes in relation to the mesh motion. In our scheme, if we start with a
constant state #j, = ¢, then we can prove that the solution remains constant.

7 Grid coarsening and refinement

The size of the cells can change considerably during the time evolution process due
to the near Lagrangian movement of the cell boundaries. Near shocks, the cells will
be compressed to smaller sizes which will reduce the allowable time step since a
CFL condition has to be satisfied. In some regions, e.g., inside expansion fans, the
cell size can increase considerably which may lead to loss of accuracy. In order
to avoid too small or too large cells from occuring in the grid, we implement cell
merging and refinement. If a cell becomes smaller than some specified size Ay,
then it is merged with one of its neighbouring cells and the solution is transfered
from the two cells to the new cell by performing an L? projection. If a cell size
becomes larger than some specified size 4,4y, then this cell is refined into two cells
by division and the solution is again transfered by L? projection.

8 Numerical results

The numerical tests are performed with polynomials of degree one, two and three,
together with the linear Taylor expansion, two stage CERK and four stage CERK,
respectively, for the predictor. For the quadrature in time, we use the mid-point rule,
two and three point Gauss-Legendre quadrature, respectively. High order schemes
for hyperbolic equations suffer from spurious numerical oscillations when discon-
tinuities or large gradients are present in the solution which cannot be accurately
resolved on the mesh. To control these oscillations, we use standard TVD and TVB
limiters applied to characteristic variable and account for non-uniform meshes. The
time step is chosen based on equation (2),
CFL

(1)
At, = —— A1,
T 2k+17"
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N k=1 k=2 k=3
Error |Rate| Error |Rate Error | Rate
100 |4.370E-02| - |3.498E-03| - |3.883E-04| -
200 |6.611E-03(2.725(4.766E-04|2.876|1.620E-05|4.583
400 |1.332E-03|2.518(6.415E-05|2.885|9.376E-07 |4.347
800 |3.151E-04|2.372|8.246E-06|2.910|5.763E-08|4.239
1600(7.846E-05|2.280|1.031E-06{2.932(3.595E-09|4.180

Table 1 Order of accuracy study on static mesh using Rusanov flux

k=1 k=2 k=3
Error Rate Error | Rate Error | Rate
100 (2.331E-02| - [3.979E-03| - |8.633E-04| -
200 |6.139E-03| 1.925 |4.058E-04|3.294|1.185E-05|6.186
400 |1.406E-03(2.0258|5.250E-05(3.122{7.079E-07|5.126
800 [3.375E-04(2.0366{6.626E-06|3.077|4.340E-08 [4.760
1600(8.278E-05(2.0344|8.304E-07|3.057|2.689E-09|4.573

N

Table 2 Order of accuracy study on moving mesh using Rusanov flux

where the factor (2k+ 1) comes from linear stability analysis, and in most of the
computations we use CFL = 0.9. In all the solutions plots given below, symbols
denote the cell average value.

8.1 Order of accuracy

We study the convergence rate of the schemes by applying them to a problem with
a known smooth solution. The initial condition is taken as

p(x,0)=1+exp(—10x%),  u(x,0)=1,  p(x,0)=1

whose exact solution is p (x,7) = p(x —¢,0), u(x,t) = 1, p(x,¢) = 1. The initial do-
main is [—5, +5] and the final time is # = 1 units. The L? norm of the error in density
are shown in table (1) for the static mesh and in table (2) for the moving mesh. In
each case, we see that the error behaves as O(h**!) which is the optimal rate for
smooth solutions.

8.2 Sod problem

The initial condition for the Sod test case is given by
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1.0 — Exact 10 — Exact
e o DG(1) e o DG(1)
0.8 0.8
E E
2 0.6 206
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0.4 04k
0.2F 0.2F
0.0 0.2 0.4 0.6 0.8 L0 0.0 0.2 0.4 0.6 0.8 10
X X
(@) (b)

Fig. 2 Sod problem using Roe flux, 100 cells and TVD limiter: (a) static mesh (b) moving mesh

(1.0,0.0, 1.0) if x < 0.5
(P,V,p) = .
(0.125,0.0,0.1) if x > 0.5

and the solution is computed upto a final time of 7 = 0.2 where the domain is [0, 1].
Since the fluid velocity is zero at the boundary, the computational domain does
not change with time for the chosen final time. In figure (2), we show the results
obtained using Roe flux with 100 cells and TVD limiter on static and moving mesh.
The contact wave is considerably well resolved on the moving mesh as compared to
the static mesh.

To study the Galilean invariance or the dependance of the solution on the choice
of coordinate frame, we add a boost velocity of V = 10 or V = 100 to the coordinate
frame, while implies the initial fluid velocity if v(x,0) =V and the other quantities
remain as before. The results given in figure (3b) clearly show the independance of
the results on the moving mesh. Figure (3a) shows that the accuracy of the static
mesh results degrades with increase in velocity of the coordinate frame, particularly
the contact discontinuity is highly smeared.

8.3 Shu-Osher problem

The initial condition is given by

(o) — | (3857143,2.629369,10333333) i x < 4
PP)= 9 (1 40.25in(5x),0.0,1.0) ifx>—4

which involves a smooth sinusoidal density wave which interacts with a shock. The
domain is [—5,45] and the solution is computed upto a final time of T = 1.8. The
solutions are shown in figure (4a)-(4b) on static and moving meshes using 200 cells
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e « DG(1), V=0
e ¢ DG(1), V=10
e ¢ DG(1), V=100
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e ¢ DG(1), V=10 12r
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0.0 0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

X X

(@) (b)

Fig. 3 Effect of coordinate frame motion on Sod problem using Roe flux, 100 cells and TVD
limiter: (a) static mesh (b) moving mesh

and TVD limiter. The moving mesh scheme is considerably more accurate in re-
solving the sinusoidal wave structure that arises after interaction with the shock. In
figure (4c) we compute the solution on static mesh with TVB limiter and the pa-
rameter M = 100 is used. In this case the solutions on static mesh are more accurate
compared to the case TVD limiter but still not as good as the moving mesh results.
The moving mesh results has more than 200 cells in the interval [—5, +5] at the final
time since cells enter the domain from the left side. Hence in figure (4d), we show
the static mesh results with 300 cells and using TVB limiter. The results are further
improved but still not as accurate as the moving mesh case. The choice of parame-
ters in the TVB limiter is very heuristic and hence it is still advantageous to use the
moving mesh scheme which gives improved solutions even with TVD limiter.

8.4 Low density problem

The initial condition is given by

(1.0,—2.0,0.4) x<0.5

(pov:p) = (1.0,42.0,0.4) x>0.5

The computational domain is [0, 1] and the final time is 7 = 0.15. The density using
100 cells is shown in figure (5) with static and moving meshes. The mesh mo-
tion does not significantly improve the solution. On the contrary, the mesh becomes
rather coarse in the expansion region, though the solution is still accurate. By en-
abling grid refinement when 2 > 0.05, we obtain the result shown in figure (6),
where better resolution of the low density region is obtained.
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Fig. 4 Shu-Osher problem using Roe flux: (a) static mesh, 200 cells, M = 0 (b) moving mesh, 200
cells, M = 0 (c) static mesh, 200 cells, M = 100 (d) static mesh, 300 cells, M = 100
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Fig. 5 Low density problem using HLLC flux: (a) static mesh, (b) moving mesh
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Fig. 6 Low density problem using HLLC flux with 100 cells and moving mesh (a) no adaptation
(b) with adaptation.

8.5 Blast problem

The initial condition is given by

(1.0,0.0,1000.0) x < 0.1
(p,v,p) =< (1.0,0.0,0.01) 0.1<x<09
(1.0,0.0,100.0) x> 0.9

and the final time is T = 0.038. As shown in figure (7), static mesh results suffer
from too much dissipation especially in the contact wave, while the moving mesh is
able to resolve this more accurately. Since some cells can become very small in this
problem, we have enabled mesh coarsening whenever 4 < 0.001 for any cell.

9 Summary

We have developed an explicit DG scheme on moving meshes using ALE frame-
work and space-time expansion of the solutions within each cell. The near La-
grangian nature of the mesh motion dramatically reduces the numerical dissipation
especially for contact waves. The scheme is shown to yield superior results in the
presence of large boost velocity of the coordinate system indicating its Galilean in-
variance property. The mesh motion provides automatic grid adaptation near shocks
but may lead to very coarse cells inside expansion waves. A grid adaptation strategy
is developed to handle the problem of very small or very large cells. The proposed
methodology is general enough to be applicable to other systems of conservation
laws modeling fluid flows.
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Fig. 7 Blast problem using HLLC flux with 400 cells on static and moving meshes
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TASK-BASED PARALLELIZATION OF AN IMPLICIT KINETIC SCHEME *
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PHILIPPE HELLUY?, CHRISTIAN KLINGENBERG', LAURA MENDOZA® AND HERBERT
OBERLIN?

Abstract. In this paper we present and implement the Palindromic Discontinuous Galerkin (PDG)
method in dimensions higher than one. The method has already been exposed and tested in [4] in the
one-dimensional context. The PDG method is a general implicit high order method for approximating
systems of conservation laws. It relies on a kinetic interpretation of the conservation laws containing
stiff relaxation terms. The kinetic system is approximated with an asymptotic-preserving high order
DG method. We describe the parallel implementation of the method, based on the StarPU runtime
library. Then we apply it on preliminary test cases.

1. INTRODUCTION

In this work we consider the time discretization of compressible fluid models that appear in gas dynamics,
biology, astrophysics or plasma physics for tokamaks. These models can be unified in the following form

D

Orw + > Ohqt(w) =s, (1)
k=1

where w : RP x [0, Tiyax] —> R™ is the vector of conservative variables, q(w) : R™ — R™ is the flux and
s: RP x R x R™ — R™ is a source term. D represents the physical space dimension and m the number of
unknowns.

In many physical applications such as MHD flows, low Mach Euler equations, Shallow-Water with sedimen-
tation, the model presents several time scales associated to the propagation of different waves. When the time
scale of the fast phenomena, which constrains the explicit CFL condition, is very small compared to the time
scale of the most relevant phenomena, it becomes necessary to switch to implicit schemes. However standard
implicit schemes are very costly in 2D or 3D because they require the resolution of linear or non-linear systems
at each time step. In addition, the matrices associated with the hyperbolic systems are generally ill-conditioned.

In this paper, we propose to follow another approach for avoiding the resolution of complicated linear systems.
Instead of solving the full fluid model (1) directly, we replace it by a simpler kinetic interpretation made of a
set of transport equations coupled through a stiff relaxation term [1,3,7]. See also [4] and included references.
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The kinetic system is then solved by a splitting method where the transport and relaxation stages are treated
separately. The method is then well adapted to parallel implementation. The method is already presented in [4]
in the one-dimensional case. Here we present its implementation in higher dimensions. We particularly focus
our presentation on the massive parallelization of the method with the StarPU runtime system [2].

The paper is organized as following.

First we recall that it is possible to provide a general kinetic interpretation of any system of conservation
laws. The interest of this representation is that the complicated non-linear system is replaced by a (larger) set
of scalar linear transport equations that are much easier to solve. The transport equations are coupled through
a non-linear source term that is fully local in space.

Then, we detail the approximation which allows to solve the transport equation in an efficient way. We adopt a
Discontinuous Galerkin (DG) method based on an upwind numerical flux and Gauss-Lobatto quadrature points.
Thanks to the upwind flux, the matrix of the discretized transport operator has a block-triangular structure.

The main part of this work is devoted to the task parallelization based on the StarPU library for treating the
transport and relaxation steps efficiently. We use the MPI version of StarPU, which allows to address clusters
of multicore processors. We also describe the domain decomposition and the macrocell approach that we have
used to achieve better performance.

Finally, we present the performance of our parallel implementation on a cluster 4 MPI nodes. Each node
contains 24 CPU cores.

2. KINETIC MODEL
We consider the following kinetic equation
0+ 3 VRO — L) 1) 4 g, (2)
k=1 T

The unknown is a vectorial distribution function f(x,¢) € R™ depending on the space variable x = (z'...2P) €
RP and time t € R. g(x,t,f) is a vectorial source term, possibly depending on space, time and f. The partial
derivatives are noted

0 0
Oy =—, Op=———.
Yo TP ogb
The relaxation time 7 is a small positive constant. The constant matrices V¥, 1 < k < D are diagonal
vf
k
vE = =
vl
In other words, (2) is a set of n, transport equations at constant velocities v; = (v}, ...,vP), coupled through

a stiff BGK relaxation, and with an optional additional source term. We denote by V - @ = ZkD:1 V*9, the
transport operator, and by Nf = (f¢4(f) — f)/7 the BGK relaxation term (also called the “collision” term).

Generally, this kinetic model represents an underlying hyperbolic system of conservation laws. The macro-
scopic conservative variables w(x,t) € R™ are obtained through a linear transformation

; ®3)

where P is an m X n, matrix. Generally the number of conservative variables is smaller than the number of
kinetic data, and thus we have m < n,. The equilibrium (or “Maxwellian”) distribution f7(f) is such that

w = Pf

Pf = Pfd(f), (4)
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and
wW = Pfl = PfQ = feq(fl) = feq(fQ), (5>
which states that the equilibrium actually depends only on the macroscopic data w. We could have used the
notation £¢7 = f¢(w) = £¢4(Pf), but we have decided to respect a well-established tradition.
When 7 — 0, the kinetic equations provide an approximation of the system of conservation laws

D

O+ 3 O (w) = s, (6)

k=1

where the flux is given by

q"(w) = PVFfe(f).
The flux is indeed a function of w only because of (5).
Similarly the source term is given by

System (2) has to be supplemented with conditions at the boundary 9 of the computational domain Q. We
denote by n = (ny ...np) the outward normal vector on 9. For simplicity, we shall only consider very simple
imposed and time-independent boundary conditions f®. We note

D
V-nzZank, V-nt =max(V-n,0), V-n~ =min(V-n,0).
k=1

A natural boundary condition, which is compatible with the transport operator V - 8, is
V. -nf(x,t) =V -nf(x), xean. (8)

It states that for a given velocity v;, the corresponding boundary data fib is used only at the inflow part of the
boundary.

Let us point out that the programming optimization that we propose in this paper rely in an essential way on
the nature of the boundary condition (8). For other boundary conditions, such as periodic or wall conditions,
additional investigations are still needed.

3. NUMERICAL METHOD

3.1. Discontinuous Galerkin approximation

For solving (2) we shall treat the transport operator V - @ and the collision operator N efficiently, thanks
to a splitting approach. This allows to achieve a better parallelism. Let us start with the description of the
transport solver.

For a simple exposition, we only consider one single scalar transport equation for f(x,t) € R at constant
velocity v

of+v-Vf=0. 9)
The general vectorial case is easily deduced.

We consider a mesh M of Q made of open sets, called “cells”, M = {L;, i =1...N_.}. In the most general

setting, the cells satisfy
(1) LynL; =0, if i # j,
(2) U;L; = Q.
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OLNOR

FIGURE 1. Convention for the L and R cells orientation.

In each cell L € M we consider a basis of functions (¢, ;(x))i=0...n,—1 constructed from polynomials of order
d. We denote by h the maximal diameter of the cells. With an abuse of notation we still denote by f the

approximation of f, defined by
Ng—1

f(x,t) = Z fri®)pri(x), xe€ L.

The DG formulation then reads: find the fr, ;’s such that for all cell L and all test function ¢y, ;

/ O fors— / v Vori+ / (v-ntfL+von fr)ens = 0. (10)
L L oL

In this formula (see Figure 22):
e R denotes the neighboring cell to L along its boundary 0L N OR, or the exterior of {2 on JL N IN.
e n = nyg is the unit normal vector on JL oriented from L to R.
e fr denotes the value of f in the neighboring cell R on 0L N JR.
e If L is a boundary cell, one may have to use the boundary values instead: fr = f* on 9L N 0.
e v-ntf; +v-n~fg is the standard upwind numerical flux encountered in many finite volume or DG
methods.

In our application, we consider hexahedral cells. We have a reference cell
L=]-1,1["
and a smooth transformation x = 7(%), X € IA/, that maps LonL
(L) = L.

We assume that 7, is invertible and we denote by 77 its (invertible) Jacobian matrix. We also assume that 7,
is a direct transformation
det 77 > 0.

In our implementation 7 is a quadratic map based on hexahedral curved “H20” finite elements with 20
nodes. The mesh of H20 finite elements is generated by gmsh [6].

On the reference cell, we consider the Gauss-Lobatto points (X;)i=o. . n,_1, Na = (d + 1)P and associated
weights (w;)i=o..n,—1- They are obtained by tensor products of the (d 4+ 1) one-dimensional Gauss-Lobatto
(GL) points on | — 1,1[. The reference GL points and weights are then mapped to the physical GL points of
cell L by

X[L,i = TL()A(,L'), WL, = W det T/L()A(,) > 0. (11)
In addition, the six faces of the reference hexahedral cell are denoted by F,, e = 1...6 and the corresponding
outward normal vectors are denoted by n.. A big advantage of choosing the GL points is that the volume and
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the faces share the same quadrature points. A special attention is necessary for defining the face quadrature
weights. If a GL point X; € F., we denote by pf the corresponding quadrature weight on face F,. We also use
the convention that uf = 0 if X; does not belong to face F.. A given GL point X; can belong to several faces
when it is on an edge or in a corner of L. Because of symmetry, we observe that if p§ # 0, then the weight g
does not depend on e.

We then consider basis functions ¢; on the reference cell: they are the Lagrange polynomials associated to
the Gauss-Lobatto point and thus satisfy the interpolation property

@i(%;) = dij-

The basis functions on cell L are then defined according to the formula

pri(x) = @i(T (%))

In this way, they also satisfy the interpolation property
ori(Xp,;) = 0ij. (12)

In this paper, we only consider conformal meshes: the GL points on cell L are supposed to match the GL points
of cell R on their common face. Dealing with non-matching cells is the object of a forthcoming work.

Let L and R be two neighboring cells. Let x, ; be a GL point in cell L that is also on the common face
between L and R. In the case of conformal meshes, it is possible to define the index j’ such that

XL,j = XRj-
Applying a numerical integration to (10), using (11) and the interpolation property (12), we finally obtain

Ng—1
Oifriwr,: — Z v - Vori(xp,;)frijwr,i+

=0
6
Z;L§ (v ne(xp) T fri+ v onedxr;) fri) =0. (13)
e=1

We have to detail how the gradients and normal vectors are computed in the above formula. Let A be a square
matrix. We recall that the cofactor matrix of A is defined by

co(A) = det(A) (A1) (14)
The gradient of the basis function is computed from the gradients on the reference cell using (14)

1

Veor,i(xr,) = WCO(T/L(%))@@(*J‘)

In the same way, the scaled normal vectors n. on the faces are computed by the formula

n.(xg,;) = co(r(%;))ne.

We introduce the following notation for the cofactor matrix
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The DG scheme then reads

Ng—1
Difri— — D vien;Véik)) frjwi+
g j=0
18
oL Z s (v . CL,iﬁ€+fL,i +v- CL,iﬁeifR,i') =0. (15)
" e=1

On boundary GL points, the value of fr ;/ is given by the boundary condition

fri = f"(Xr.), Xri=Xpi-

For practical reasons, it is interesting to also consider fr; as an artificial unknown in the fictitious cell. The
fictitious unknown is then a solution of the differential equation

O fr,ir = 0. (16)

In the end, if we put all the unknowns in a large vector F(t), (15), (16) read as a large system of coupled
differential equations
OF = L,F. (17)
In the following, we call Lj, the transport matrix. The transport matrix satisfies the following properties:
e L,F =0 if the components of F are all the same.
e Let F be such that the components corresponding to the boundary term vanish. Then FTL,F < 0.
This dissipation property is a consequence of the choice of an upwind numerical flux [9].
e In many cases, and with a good numbering of the unknowns in F, L; has a block triangular structure,
with small blocks corresponding to the local cell unknowns. This aspect is discussed in Subsection 4.1.

As stated above, we actually have to apply a transport solver for each constant velocity v;.

Let L be a cell of the mesh M and x; a GL point in L. As in the scalar case, we denote by fr; the
approximation of f in L at GL point . In the sequel, with an abuse of notation and according to the context,
we may continue to note F(¢) the big vector made of all the vectorial values fr ; at all the GL points j in all
the (real or fictitious) cells L.

We may also continue to denote by Lj the matrix made of the assembly of all the transport operators for
all velocities v;. With a good numbering of the unknowns it is possible in many cases to suppose that Lj, is
block-triangular. More precisely, because in the transport step the equations are uncoupled, we see that Lj can
be made block-diagonal, each diagonal block being itself block-triangular. See Section 4.1.

3.2. Palindromic time integration

We can also define an approximation Ny, of the collision operator N. We define by F¢¢(F) the big vector
made of all the f¢(f; ;), Le M,i=0...Ng—1.
We set

Ny = L(F¥(F) ~ F). (18)

Similarly we note Gy, the discrete approximation of the kinetic source term g.
The DG approximation of (2) finally reads

0:F = L,F + N,F + G,F.

We use the following Crank-Nicolson second order time integrator for the transport equation:

At At

exp(AtLy) ~ To(At) := I+ 7Lh)(1 - ?Lh)_l. (19)
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Similarly, for the collision integrator, we use

At At

exp(AtNy) ~ Cy(At) := (I+ 7Nh)(1 - ?Nh)_l‘

Because during the collision step, the conservative variables w = Pf do not change and the equilibrium function

is explicit, the collision integrator is solved with a local and linear implicit scheme. We have the explicit formula:

271 — AF  2AtF*I(F)
27 + At 27 + At

Co(AYF = & (20)

The source operator is also approximated by a Crank-Nicolson integrator

exp(AtGyp) ~ So(At) := (I+ %Gh)(l — %Gh)il,

requiring to solve a nonlinear local equation whenever g depends on f.

If 7 > 0, we observe that the operators To and Cy are time-symmetric: if we set Oy = Ty , Oy = Cs, or
05 = Sy, then O, satisfies

Oo(—At) = O3(At) ™Y, 04(0) = Id. (21)

This property implies that Oz is necessarily a second order approximation of the exact integrator [8,10].

When 7 = 0, we also remark that
Co(A)F =2F°(F) —F £ F

and then C5 does not satisfy (21) anymore.

For 7 > 0, the Strang formula permits us to construct a five steps second order time-symmetric approximation

M3(A) = T (f) 5 (A;) C(A) S (f) T (A;) — oxp (At Ly + Ny, + S1)) + O(AF),

and a three step one

in the source-less case.
However this formula is no more a second order approximation of (2) when 7 — 0. Indeed, when 7 =0

M;(0)F = 2F°/(F) — F.

As explained in [4] it is better to consider the following method, which remains second order accurate even
for infinitely fast relaxation:

ww-n(2)(2)n(2) o (2)n(3)

By palindromic compositions of the second order method MJ™ it is then very easy to achieve any even order
of accuracy (see [4]). However, in this paper, we concentrate on the parallel optimization of the method and we
shall only present numerical results at second order for the limit system 6. To that end it is sufficient to use the
method My, as PM>(0) properly converges towards identity on the macroscopic variable space when 7 — 0.

4. OPTIMIZATION OF THE KINETIC SOLVER

In this section, we describe the optimizations that can be applied in the implementation of the previous
numerical method.
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4.1. Triangular structure of the transport matrix

Because of the upwind structure of the numerical flux, it appears that the transport matrix is often block-
triangular. The size of the diagonal blocks is the number of nodes Ny in a cell. This is very interesting because
this allows to apply implicit schemes to (17) at a low cost [11]. Indeed, the block-triangular solver only requires
the factorization of the small the diagonal blocks and a simple forward substitution algorithm. We can provide
the formal structure of L, through the construction of a directed graph G with a set of vertices V and a set of
edges £ C V x V. The vertices of the graph are associated to the (real or fictitious) cells of M. Consider now
two cells L and R with a common face Frgr. We denote by nyr the normal vector on Fy g oriented from L to
R. If there is at least one GL point x on Fr such that

l’lLR(X) -v >0,
then the edge from L to R belongs to the graph:
(L, R) € €,

see Figure 2.
In (15) we can distinguish between several kinds of terms. We write

ofr+Trenfo+ Y, Trcrfr,

(R,L)eE
with
| Nl A
Pperfr= T on Z v ep Voi(X;) fr,jw;
)T i=0
-
ev.cr Lt fr
+wL,i ;sz CL,’LnE fL,’Lv
and, if (R,L) € &,
Prerfr=—piv-crime fri-
X
We can use the following convention
(R, L)¢E=Tr.r=0. (22)

'L« 1 contains the terms that couple the values of f inside the cell L. They correspond to diagonal blocks of
size Ng X Ny in the transport matrix Ly. ', r contains the terms that couple the values inside cell L with
the values in the neighboring upwind cell R. If R is a downwind cell relatively to L then p{v-Cp ;n.~ =0 and
I'r =0 is indeed compatible with the above convention (22).

Once the graph G is constructed, we can analyze it with standard tools. If it contains no cycle, then it is
called a Directed Acyclic Graph (DAG). Any DAG admits a topological ordering of its nodes. A topological
ordering is a numbering of the cells ¢ — L; such that if there is a path from L; to L; in G then j > i. In
practice, it is useful to remove the fictitious cells from the topological ordering. In our implementation they are
put at the end of the list.

Once the new ordering of the graph vertices is constructed, we can construct a numbering of the components
of F by first numbering the unknowns in Ly then the unknowns in Ly, etc. More precisely, we set

Fing+i = fLyi-

Then, with this ordering, the matrix Lj, is lower block-triangular with diagonal blocks of size N4 x Ny. It means
that we can apply implicit schemes to (17) without inverting large linear systems.
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FIGURE 2. Construction of the dependency graph. Left: example of mesh (it is structured here
but it is not necessary) with 9 interior cells. The velocity field v is indicated by red arrows.
We add two fictitious cells: one for the upwind boundary condition (cell 9) and one for the
outflow part of 9 (cell 10). Right: the corresponding dependency graph G. By examining the
dependency graph, we observe that the values of F"*1 in cell 0 have to be computed first, using
the boundary conditions. Then cells 1 and 3 can be computed in parallel, then cells 2, 4, and
6 can be computed in parallel, then etc.

As stated above, we actually have to apply a transport solver for each constant velocity v;. In the sequel,
with another abuse of notation and according to the context, we continue to note F the vector of large dimension
made of all the vectorial values fr, ; at all the GL points j in all the (real or fictitious) cells L.

We may also continue to denote by Lj, the matrix made of the assembly of all the transport operators
for all velocities v;. With a good numbering of the unknown it is still possible to suppose that L; is block-
triangular. More precisely, as in the transport step the equations are uncoupled, we see that L; can be made a
block-diagonal matrix, each diagonal block being itself block-triangular.

4.2. Parallelization of the implicit solver

In this section, we explain how it is possible to parallelize the transport solver. Here again we consider the
single transport equation (9) and the associated differential equation (17). We apply a second order Crank-
Nicolson implicit scheme. We have explained in Section 3.2 how to increase the order of the scheme. We
compute an approximation F” of F(nAt). The implicit scheme reads

(I— AtL,)F™! = (I+ AtLy,)F". (23)
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As explained above, the matrices (I — AtLy) and (I + AtLy) are lower triangular. It is thus possible to solve
the linear system explicitly cell after cell, assuming that the cells are numbered in a topological order.

It is possible to perform further optimization by harnessing the parallelism exhibited by the dependency
graph. Indeed, once the values of f in the first cell are computed, it is generally possible to compute in parallel
the values of f in neighboring downwind cells. For example, as can be seen on Figure 2, once the values in cells
0, 1 and 2 are known, we can compute independently, and in parallel, the values in cells 2, 4 and 6.

We observe that at the beginning and at the end of the time step, the computations are “less parallel” than
in the middle of the time step, where the parallelism is maximal.

Implementing this algorithm with OpenMP or using pthread is not very difficult. However, it requires to
compute the data dependencies between the computational tasks carefully, and to set adequate synchronization
points in order to get correct results. In addition, a rough implementation will probably not exhibit optimized
memory access. Therefore, we have decided to rely on a more sophisticated tool called StarPU" for submitting
the parallel tasks to the available computational resources.

StarPU is a runtime system library developed at Inria Bordeaux [2]. It relies on the data-based parallelism
paradigm.

The user has first to split its whole problem into elementary computational tasks. The elementary tasks are
then implemented into codelets, which are simple C functions. The same task can be implemented differently
into several codelets. This allows the user to harness special acceleration devices, such as vectorial CPU cores,
GPUs or Intel KNL devices, for example. In the StarPU terminology these devices are called workers.

For each task, the user has also to describe precisely what are the input data, in read mode, and the output
data, in write or read-write mode. The user then submits the task in a sequential way to the StarPU system.
StarPU is able to construct at runtime a task graph from the data dependencies. The task graph is analyzed
and the tasks are scheduled automatically to the available workers (CPU cores, GPUs, etc.). If possible, they
are executed in parallel into concurrent threads. The data transfer tasks between the threads are automatically
generated and managed by StarPU, which greatly simplifies the programming,.

When a StarPU program is executed, it is possible to choose among several schedulers. The simplest eager
scheduler adopts a very simple strategy, where the tasks are executed in the order of submission by the free
workers, without optimization. More sophisticated schedulers, such as the dmda scheduler, are able to measure
the efficiency of the different codelets and the data transfer times, in order to apply a more efficient allocation
of tasks.

Recently a new data access mode has been added to StarPU: the commute mode. In a task, a buffer of data
can now be accessed in commute mode, in addition to the write or read-write modes. A commute access tells
to StarPU that the execution of the corresponding task may be executed before or after other tasks containing
commutative access. This allows StarPU to perform additional optimizations.

There exists also a MPI version of StarPU. In the MPI version, the user has to decide an initial distribution of
data among the MPI nodes. Then the tasks are submitted as usual (using the function starpu_mpi_insert task
instead of starpu_insert task). Required MPI communications are automatically generated by StarPU. For
the moment, this approach does not guarantee a good load balancing. It is the responsibility of the user to
migrate data from one MPI node to another for improving the load balancing, if necessary.

4.3. Macrocell approach

StarPU is quite efficient, but there is an unavoidable overhead due to the task submissions and to the on-
the-fly construction and analysis of the task graph. Therefore it is important to ensure that the computational
tasks are not too small, in which case the overhead is not amortized, or not too big, in which case some workers
are idle.

In order to achieve the right balance, we have decided not to apply directly the above task submission
algorithm to the cells but to groups of cells instead.

1h‘ctp ://starpu.gforge.inria.fr
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FIGURE 3. Macrocell approach: an example of a mesh made of five macrocells. Each macrocell
is then split into several subcells. Only the subcells of the top macrocell are represented here
(in green).

The implementation of the whole kinetic scheme is done into the schnaps software’. schnaps is a C99
software dedicated to the numerical simulation of conservation laws.

In schnaps we construct first a macromesh of the computational domain. Then each macrocell of the
macromesh is split into subcells. See Figure 3. We also arrange the subcells into a regular sub-mesh of the
macrocells. In this way, it is possible to apply additional optimizations. For instance, the subcells L of a same
macrocell £ can now share the same geometrical transformation 7, which saves memory.

In schnaps we define an interface structure in order to manage data communications between the macrocells.
An interface contains the faces that are common to two neighboring macrocells. We do not proceed exactly
as in Section 4.1 where the vertices of graph G were associated to cells and the edges to faces. Instead, we
construct an upwind graph whose vertices are associated to macrocells, and edges to interfaces. This graph is
then sorted, and the macrocells are numbered in a topological order.

For solving one time step of one transport equation (23), we split the computations into several elementary
operations: for each macrocell £ taken in a topological order, we perform the following tasks:

(1) Volume residual assembly: this task computes in the macrocell £ the part of the right hand side of (23)
that comes from the values of f inside L;

(2) Interface residual assembly: this task computes, in the macrocell £, the part of the right hand side of
(23) that comes from upwind interface values;

(3) Boundary residual assembly: this task computes, in the macrocell £, the part of the right hand side of
(23) that comes from upwind boundaries values.

(4) Volume solve: this task solves the local transport linear system in the macrocell.

(5) Extraction: this task copies the boundary data of £ to the neighbor downwind interfaces.

Let us point out that in step 4 above, the macrocell local transport solver is reassembled and refactorized at
each time step: we have decided not to store a sparse linear system in the macrocell for each velocity v;, in
order to save memory. The local sparse linear system is solved thanks to the KLU library [5]. This library

?http://schnaps.gforge.inria.fr/
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is able to detect efficiently sparse triangular matrix structures, which makes the resolution quite efficient. In
practice, the factorization and resolution time of the KLU solver is of the same order as the residual assembly
time.

In schnaps, we use the MPI version of StarPU. The macromesh is initially split into several subdomains and
the subdomains are distributed to the MPI nodes. Then the above tasks are launched asynchronously with the
starpu_mpi_insert task function. MPI communications are managed automatically by StarPU.

It is clear that if we were solving a single transport equation our strategy would be very inefficient. Indeed,
the downwind subdomains would have to wait for the end of the computations of the upwind subdomains. We
are saved by the fact that we have to solve many transport equations in different directions. This helps the MPI
nodes to be equally occupied. Our approach is more efficient if we avoid a domain decomposition with internal
subdomains, because these subdomains have to wait the results coming from the boundaries.

In our approach it is also essential to launch the tasks in a completely asynchronous fashion. In this way, if
a MPI node is waiting for results of other subdomains for a given velocity v; it is not prevented from starting
the computation for another velocity v;.

4.4. Collisions

In this section we explain how is computed the collision step (20). The computations are purely local to each
GL point, which makes the collision step embarrassingly parallel. However it is not so obvious to attain high
efficiency because of memory access. If the values of F' are well arranged in memory in the transport stage, it
means that the values of f attached to a given velocity v; are close in memory, for a better data locality. On the
contrary, in the collision step at a given GL point, a better locality is achieved if the values of f corresponding
to different velocities are close in memory. Additional investigations and tests are needed in order to evaluate
the importance of data locality in our algorithm.

In our implementation, we adopt the following strategy. We first identify the following task:

(1) Reduction task for a velocity v;: this task is associated with one macrocell £. It computes the contri-
bution to w of the components of f that have been transported at velocity v; with formula (3). The
StarPU access to the buffer containing w is performed in read-write and commute modes. In this way
the contribution from each velocity can be added to w as soon as it is available.

(2) Relaxation task for a velocity v;: this task is associated to one macrocell £. Once w is known, it
computes the components of £¢ corresponding to velocity v;. Then it computes the relaxation step (20)
for the associated component of f.

In step 2 we can separate the computations for each velocity because the collision term (18) is diagonal. Some
Lattice Boltzmann Methods rely on non-diagonal relaxations. It can be useful for representing more general
viscous terms for instance. For non-diagonal relaxation we would have to change a little the algorithm.

We can now make a few comments about the storage cost of the method. In the end, we have to store at
each GL point x; and each cell L the values of f;, ; and wr ;. We do not have to keep the values of the previous
time-step, f;, ; and wr, ; can be replaced by the new values as soon as they are available. In this sense, our
method is “low-storage”. As explained in [4] it is also possible to increase the time order of the method, without
increasing the storage.

We can also comment the complexity of a whole implicit step. Because relaxation is local to each node,
its complexity is fully linear: the number of floating point operations is proportional to the number of DOF,
which is N, x Ng x N.. The most expensive part of the algorithm is the transport step, whose complexity is
N, x N3 x N.. The N3 comes from the inversion of the diagonal blocks in the block-triangular linear system.
For instance, for a 3D computation of order d = 3, we have Ny = 64. For the moment, we do not store the
factorization of the diagonal blocks. If we stored the factorizations, the complexity would become N, x N7 x N,
at the cost of more memory access. We do not know for the moment which solution is the best.
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F1aurE 4. D2Q9 and D3Q27 velocity grids.

4.5. Scaling test

For all performance tests presented in this section, we used standard models from the family Lattice-
Boltzmann-Method (LBM) kinetic models devised for the simulation of Euler/Navier Stokes systems. We
will not give a detailed description of their properties from the modeling point of view: we simply take them as
good representative of the typical workload of kinetic relaxation schemes. The most relevant feature impacting
the performance of our algorithm is the discrete velocity set of the kinetic model, which determines the task
graph structure of the transport step when combined with a particular mesh topology. In standard LBM models,
velocity sets are usually built-up from a sequence of pairs of opposite velocities with an additional zero velocity
node. On Figure 4 we show the two representative velocity sets of the D2Q9 and D3@Q27 LBM models.

4.5.1. Multithread performance (D2Q9, D3Q%*)

We first test the multithread performance of our implementation for the full (transport + relaxation) scheme
for the standard D2Q9 model. All tests are performed on a single node of the IRMA-ATLAS cluster, with 24
available cores. We consider several square meshes build-up from 1 to 64 macrocells. The number of geometric
degrees of freedom per element is kept constant with a value of 3375 points per macrocell, so that the workload
per macrocell does not change. For each mesh, we allow StarPu to use from 1 to the full 24 cores of the node
and measure the total wall time. The results for this first batch of performance measurements are given in
Fig. 5. First we verify that for 1 unique macrocell, parallel performance saturates when the number of cores
roughly equals the number of velocities in the model. This is to be expected, as no topological parallelism
can be exploited in that case. Increasing the number of macro-element allows to take advantage of topological
parallelism. For that workload, parallel efficiency saturates at about 80, which is quite good. On Fig. 6,
we consider on the same cubic mesh three different models differing by the number of velocity values. Those
cases exhibit a large amount of potential parallelism, due to the large number of velocities combined with the
macrocell decomposition. On an ideal machine, they could in theory scale perfectly up to 24 cores. The observed
saturation, still around 80 efficiency, is still quite good and comes from the unavoidable concurrency in memory
access between the various cores and the scheduling overhead. It is important to note, when considering those
results, that the bulk of the computational cost occurs in the transport step of the algorithm. The collision
step forces synchronization between all the fields corresponding to individual velocities for the computation of
the macroscopic fields. However its actual cost is negligible with respect to the transport step.

4.5.2. MPI scaling: D3Q15 in a torus

Having verified the good multithread performance of our code on a single node, we now check whether for
larger problem sizes the workload can be distributed among several computing nodes. To that end, accounting
for the fact that we aim notably at performing simulations for Tokamak physics, we considered a toroidal



ESAIM: PROCEEDINGS AND SURVEYS 73

1 1
+ + 1x1x3375 D2Q9
+ + 2x2x3375 D2Q9 : :
20 H+ + 3x3x3375 D2Q9| RS A .

+ + 4x4x3375 D2Q9 , o T
o + + 8x8x3375 D2Q9 ; i¢¢++
SO — et |t T
3 . . :Jﬁ +$+++
] : T +++++++++
Q10 "'$'+'+'+'+'““'“; """""

¢$

cores

FIGURE 5. Multithread scaling for the D2Q9 model and a collection of square meshes from 1
to 64 macro-elements.
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FIGURE 6. Multithread scaling on a 4x4x4 macro-element mesh for models D3Q15, D3Q19 and D3Q27

mesh subdivided into 720 macrocells. The workload distribution across nodes is done using a standard domain
decomposition approach: the mesh is partitioned statically into as many sub-domains as computing nodes,
ranging from 1 to 4 for our experiment on the IRMA-ATLAS cluster. From an implementation point of view,
the transition from a multithreaded code to a hybrid MPI/multithread one is made fairly easy by StarPU. When



74 ESAIM: PROCEEDINGS AND SURVEYS

FIGURE 7. Toroidal macromesh (720 macrocells) - Mesh partitions used in the MPI scaling tests.

Nthreads/Nmpi | 1 2 3 4
14 6862 2772 1491 1014

TABLE 1. Wall time (in seconds) for the D3Q15 model for 1 to 4 mpi processes with 14 threads
per process.

declaring data to StarPU, one simply has to specify the MPI process owning the data. At runtime, each MPI
process hosts a local scheduler instance which acts only on data relevant to the local execution graph. All MPI
communications are handled transparently by the local scheduler when inter-node data transfers are necessary.
In table 1 we show the wall time for a hundred iterations of the full scheme for the D3Q15 model. The number
of available threads per node is set to 14, matching the number of velocities actually participating in transport
(there is one null-velocity in the model). We observe a super-linear scaling when the load is spread from 1 to 4
nodes. This is not surprising for such an experiment with fixed total problem size. Indeed, both the memory
load and size of the local task graph for each decrease when the number of sub-domains increases.

5. NUMERICAL RESULTS

5.1. Euler with gravity

For this test case we consider the isothermal Euler equations in two dimensions with a constant gravity source
term

Oip + 3k(puk) =0, (24)
at(puk) + aijj = pg, (25)
2 2
with IT = | 7€ TP Pllatly | g e = —ge,.

Pugly  pc® +ul
The conservative variables vector is thus w = [p, pus, pu,]* . The kinetic model is the standard D2Q9 one
with nine velocities

V = Adiag|(0,0),(1,0),(0,1),(-1,0),(0,-1),(1,1),(-1,1), (-1, -1), (1, —1)] (26)
and the (3 x 9) projection matrix P reads

1 1 1 1 1 1 1 1 1
P=10 A 0 =X 0 A -x -x A, (27)
0O 0 X 0 =X X XA =X =X
iep=> fi,pu=>, fivi.

The equilibrium distribution function is given by
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FiGURE 8. Time order convergence for the 2D FEuler gravity test case with D2Q9 model.
Convergence is estimated using the relative L? error € on macroscopic variables with respect
to the analytical solution at ¢y, ~ 0.12. The reference values (At,¢y, €rcf) of the logarithmic
scale are At,.r = 0.024, €,y = 0.0143.

(u-v;)) (u-vy)? u-u
fimup (14 050 N (28)
with ¢ = A/v/3, and the weights wo = %, w; = % fori=1,...,4, w; = % fori=5,...,8.
The stationary solution for a fluid at rest in the gravity field is
p=poexp(—gy/c®),  u=0. (29)

For this test case, the numerical scheme is made up of three stages: a transport step (T), a source step (S)
where the source is applied on the equilibrium part of the distribution function, and the collision step (C). Due
to the absence of explicit time dependency and the linearity in w of the source, the local nonlinear resolution of
the source operator converges in one Picard iteration. All steps are implemented as weighted implicit schemes,
parametrized by a weight 6 and a time step At.

We compared several 15 and 2"? order splitting schemes built up from either fully implicit (6 = 1) first order
or Crank-Nicolson (§ = 1) steps:

e Lie first order splitting scheme M7 = T4 (At)S1(At)Ci(At) with first order building blocks.

e Lie first order splitting scheme M7, = T5(At)S2(At)Co(At) with second order building blocks, for
which the order loss comes from the splitting error.

e a palindromic second order Strang scheme M3 = T5(45%)S2(51)Ca(A)S2 (5 T2 (5E)

e a collapsed version of the second order Strang scheme MS for which the last transport substep of each
global step and the first transport substep of the next one are fused in a single T»(At) substep except
obviously for the first and last time steps of the simulation.

We perform time order convergence tests on a 2D square mesh partitioned into 4 x 4 macrocells with 1024

points per macrocell. As shown by Fig. 8, we obtain the expected convergence orders for each of the splitting
schemes used.
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FIGURE 9. . Flow around cylindrical obstacle. Vorticity norm |V x u| at t = 83, showing the
turbulent field behind the obstacle.

5.2. 2D Flow around a cylinder using a penalization method

In this test case we consider the flow of a fluid in a rectangular duct with a cylindrical solid obstacle. The
simulation domain is the rectangle [—1,1] x [—5, 5].
The effect of the obstacle on the flow is modeled using a volumic source term of the form

s = K(x)(w —wy), (30)
with w, = [1.0,0,0]* the target fluid state in the “solid” part of the domain and the relaxation frequency
K(x) is given by

K(x) = K, exp(—r(x — x.)?), (31)
with K = 300, x. = [—4,0]’and x = 40. The net effect is a very stiff relaxation towards a flow with zero
velocity and the reference density near the center x. of the frequency mask. The effective diameter of the
cylinder for this simulation is about 0.5. The initial state, which is also applied at the duct boundaries for the
whole simulation is p = 1,u, = 0.03,u, = 0. Accounting for the fact that for this model the sound speed is
1/ V3, the Mach number of the unperturbed flow is approximately 0,017. The simulation is performed on a
macromesh with 16 x 16 macrocells stretched with a 1 : 5 aspect ratio to match the domain dimension; each
macrocell contains 12 x 60 integration points. On figure 9 we show the vorticity norm at ¢ = 83, when turbulence
is well developed in the wake of the obstacle.

6. CONCLUSION

In this paper, we have presented an optimized implementation of the Palindromic Discontinuous Galerkin
Method for solving kinetic equations with stiff relaxation. The method presents the following interesting features:

e It can be used for solving any hyperbolic system of conservation laws.

It is asymptotic-preserving with respect to the stiff relaxation.

It is implicit and thus is not limited by CFL conditions.

Despite being formally implicit, it requires actual implicit computations only at the subcell level, while

the global computation is basically explicit.

It is easy to increase the time order with a composition method.

e It presents many opportunities for parallelization and optimization: in this paper we have presented
the parallelization of the method with the aid of the MPI version of the StarPU runtime system. In
this way we address both shared memory and distributed memory MIMD parallelism.

Our perspectives are now to apply the method for computing MHD instabilities in tokamaks. We will also try
to extend the method to more general boundary conditions.
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