HERMITE METHODS FOR THE SCALAR WAVE EQUATION
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Abstract. Arbitrary order dissipative and conservative Hermite methods for the scalar wave equation are presented. Both
methods use (m + 1)¢ degrees of freedom per node for the displacement in d-dimensions; the dissipative and conservative
methods achieve orders of accuracy (2m — 1) and 2m, respectively. Stability and error analyses as well as implementation
strategies for accelerators are also given.
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1. Introduction. We construct, analyze, and test arbitrary order dissipative and conservative Hermite
methods for the scalar wave equation in a medium with constant speed of sound c¢. The degrees-of-freedom
for Hermite methods are tensor-product Taylor polynomials of degree m in each coordinate centered at the
nodes of Cartesian grids, staggered in time. The dissipative method achieves space-time accuracy of order
2m — 1, while the conservative method has space-time order 2m. Besides their high order of accuracy in both
space and time combined, they have the special feature that they are stable for cAt < h, for all orders of
accuracy. This is significantly better than standard high-order element methods. Moreover, the large time
steps are purely local to each cell, minimizing communication and storage requirements.

Our primary interest in these schemes are as highly efficient building blocks in hybrid methods where
most of the mesh can be taken to be rectilinear and where geometry is handled by more flexible (but
less efficient) methods close to physical boundaries. In this work we restrict our consideration to square
geometries with boundary conditions of Dirichlet, Neumann or periodic type, where boundary conditions
are simple to apply. In previous work [7] we considered this type of hybridization of the Hermite methods
for first order system proposed in [11] with nodal discontinuous Galerkin (dG) methods. For wave equations
in second order form we envision a similar hybridization where the geometry is handled by, for example, our
recently developed discontinuous Galerkin methods for wave equations in second order form [1]. Our dG
method has the property that, based on the choice of numerical flux, it is either dissipative or conservative.

We provide optimal stability and convergence results for both the conservative and dissipative method
for one dimensional periodic domains. The analysis for the dissipative method follows the analysis for first
order systems [11] but here it is based on the energy of the wave equation [v? + |Vul[?dz. A difference
compared to [11] is that we require that the (polynomial) approximation spaces of the velocity, v, and
displacement, u to differ by one degree. Its extension to higher space dimensions, however, does not follow in
a straightforward way from the Hermite method for first-order systems, requiring a specialized interpolation
scheme to achieve order-independent stability at CFL one.

The analysis of the conservative method is new and quite different from that of [11]. Additionally, the
analysis is done by introducing what we denote conserved variables, this simplifies the analysis considerably
compared to the classical, [14], way to analyze conservative methods for wave equations. To the best of our
knowledge this is an original contribution.

We also note that this paper presents the first application of Hermite methods applied to wave equations
in second order form.

Many attractive high-order accurate methods have been proposed for wave equations in second order
form. For example there are finite difference methods based on the summation-by-parts framework [16] and
upwinding [4, 3], finite element methods which use mass lumping to achieve efficiency [14], discontinuous
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Galerkin methods [12, 18, 1, 9], as well as more exotic methods such as Fourier-Continuation [6, 15] and
Galerkin differences [2]. However, we believe that the unique properties of Hermite methods make them an
interesting alternative to existing approaches.

The rest of the paper is organized as follows. In Section 2 we recall the basic properties of Hermite
interpolation which will be used later on. In Section 3 we describe and analyze the dissipative discretization,
doing the same in Section 4 for the conservative scheme. In Section 5 we verify the convergence properties in
one and two space dimensions and finally in Section 6 demonstrate highly efficient performance of our GPU
implementation.

2. Preliminaries. In this section we introduce the grids we will use for the discretizations, discuss
the representation of the approximations as Hermite interpolating polynomials and state some of the basic
properties of Hermite interpolation. For simplicity we often restrict attention to one or two space dimensions
as extensions to higher space dimensions are straightforward.

2.1. Grids. Let the domain = € [X1, Xg] be discretized by the grid
(2.1) xi = X +ihy, he = (Xp — Xr)/na,

and let the two dimensional domain (z,y) € [X1, Xg]| X [YB, Y| be discretized by the grid

. Xp—X Yr —Y,
(2.2) (xi,y;) = (X1 +ihg, Y + jhy), hg= M, hy = RN
Ny Ny
We let the indices ¢, j be integers or half-integers. The primal grid corresponds to the indices ¢ =0, ..., ng,
j=0,...,ny and the dual grid to ¢ =1/2,...,n, —1/2, j =1/2,...,n, — 1/2.
In time we suppose data is defined on the primal grid when ¢, = nAt, n = 0,1,2,..., and on the dual

grid when n =1/2,3/2,5/2,.... That is, we evolve the solution between grids one half time step At/2 at a
time.

2.2. Approximation by Hermite Interpolation. The degrees-of-freedom for our methods are ap-
proximations to the solution and its scaled derivatives at the nodes. For example, in one space dimension
the data at node x; is given by

hl dlu

ol Ry I l(x“tn), 1=0,...,m.

Our global approximation to u(x,t,) is then the piecewise degree 2m + 1 Hermite interpolant, p™(x), to the
nodal data. Precisely,

2m—+1
L= Tijt1/2
(2.3) p"(z) :p?’+1/2($) = Z Czn,’o,iﬂ/g <h71/> ;T € [wg, gl
1=0 r
where p?+1/2 (x) is the unique polynomial of degree 2m + 1 satisfying for [ =0,...,m
hL apH—l/Q A} 8lp?+1/2

(2.4) ol (7;) = C?is WW(T’H) = ‘“i’fiﬂ-

In d spatial dimensions we approximate the solution by tensor product polynomials. For example if
d = 2 the data at node (z;,y;) is

R gk,

Ck,1,i,j ~ WW(miayj7tn)v k7l:07m

The global approximation p™ is then given by

2m+12m+1 — Zig1)0 k Y — Y12 !
T (2

(2.5) p(z,y) = pz+1/2 j+1/2 z,y) E E 0, ’L+1/2,j+1/2< 7 ) ( hj > )
k=0 I= e

Y
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for (x,y) € [xi, Tiy1] X [Yj,Yj+1] , Where p?+1/2,j+1/2(x) is the unique tensor-product polynomial of degree
(2m +1,2m + 1) satisfying for k,0 =0,...,m, iy =i,i+1, jy =4, +1

hERL gkt
(2.6) ﬁm(zimyﬁvtn) = CRlinjy

We note that here we are using the same degrees in = and y to approximate u, but we also make use of
interpolants with differing degree, m, # m,, in different variables. These will be of degree (2my+1,2m, +1)
and are defined by the obvious modifications to (2.5)-(2.6). Such interpolants are also useful for adaptive
computations [8].

In what follows we will use the notation Z,,, .. m,f to denote the global piecewise polynomial Hermite
interpolants defined above of some function f assuming data of the degree m; in the jth variable. Although
these operators depend on whether data is given on the primal or dual grid we suppress this in our notation.

Also, we note that the scaling used here is not strictly necessary but it makes the interpolation and the
evaluation of the interpolants (e.g. used for dense output) slightly better conditioned as the matrix entries
and coefficients do not vary too much in size.

2.2.1. Properties of Hermite Interpolation. We next recall the basic properties of Hermite in-
terpolation when applied to smooth 27-periodic functions in d space dimensions. Much of the analysis of
the method makes use of the seminorm | - |, 41, .my+1 defined below. Here we introduce the notation
T4 =[x, 7] and the usual multiindex notation D®, a = (ay, ..., aq) for mixed partial derivatives of order
«j in the jth coordinate. In d dimensions this semi-norm is induced by the semi-inner-product:

<f,9>m1+1,...,md+1 = / dDaf.Dozng’ o= (ml +1,...,mqg+ 1).
Td

Note that when d = 1 this is simply the order m + 1 Sobolev semi-inner-product.
A central observation is that Hermite interpolation is in fact a projection operator in this seminorm.
Precisely, as shown in [11]:

(2'7) <Im1,m,mdua v = Iml,---,mdv>m1+1w~7md+1 = 0.

From (2.7) we deduce the Pythagorean Theorem:

2 _ 2 2
(28) |u|m1+1,...,md+1 - |Im1,---,mdu|m1+1,...,md+l + |u - Imly---amdu mi1+1,....mqg+1>
as well as the fact that the interpolation operators are self-adjoint:
<Im1’~~~~,mdu7U>m1+1,~~~,md+1 = <Im1,~~’mdu7Iml,-u,md’U>m1+1,~~,md+1 + <Im1,~~~’mduvv - Im1,~~-~,md’U>m1+17~~’md+1

= <u7Iml7-~umdv>ml+1s~wmd+1 + <Im1’-~,mdu - u7ImlwuamdU>m1+1w~7md+1

= <u?Iml-,-~7mdv>ml+17-~~7md+1'

Denote the Ls-inner product and norm by

(ro) = [ 1@ av. ol = (0.0

and the Sobolev norms on H{,, by

11 = Y 1D

la|<q

Then, for d = 1, the following lemma (Lemma 3.1 and Corollary 3.1 in [11]) details the basic approximation
properties of Hermite interpolation. We note that these results are derived locally on each subinterval and
thus generally extend to nonperiodic functions.



LEMMA 2.1. The Hermite interpolation operator L, satisfies:

J2m+2
(29) lg—Tmgl < 22 | T or g € 2,
ds 2m—+42—s d2m+2 2m-+2
(2.10) I T (9 —Zmg)l| < Chg Jaami for g€ Higi™, s <2m+2,
ol 77L+1g el
(2.11) llg — Zmgll < Ch ) Jor g€ Hpg™,
dm+1
J m+1 J g g g m+1
(2.12) 107 =Tl < ozt |22t = T | or g e

The estimates (2.9) - (2.11) follow directly from the Peano kernel representation, see [5], and (2.12) follows
from (2.11) with g = f — Z,,, f, as for that ¢ it holds that Z,,g = 0. We note that for d > 1 the analogous
results require the use of more complicated Sobolev seminorms (Lemma 6.1 in [11]):

|f|[27"1,..“m] = Z HDafH27

a€Q,

Q, = {ala; € {0,7;}, o] > 0}.

Lastly we note that the leading order error in Hermite interpolation for sufficiently smooth functions has

a particularly simple form which is the same in all dimensions. Here for ease of notation we suppose the cell

center is the coordinate origin so that the nodes are (+h/2,...,£h/2). Then, using (z1,...,24) to denote
the coordinates and assuming equal orders in all variables, a multi-point Taylor series expansion yields

d m-1

1 h2 82m+2f

2.13 T, S . — 2 — — 0,...,0) + O(h*™+3).

.13 et =1 gy 32 (5 ) (0....0) + O(127+)

2m-+2
Or ;

3. Dissipative Hermite Method for the Scalar Wave Equation. We now describe our dissipative
discretization for the scalar wave equation with constant speed, c¢. Here we approximate the wave equation,
in d + 1 dimensions, as a first order system in time for the displacement u and the velocity v

ou
(31) g =,
(3.2) v _ EAu+ f
. at - b
with initial data
(3.3) u(z,0) = go(x), v(z,0)=gi(x).

In this work we will consider periodic, homogenous Dirichlet, or homogeneous Neumann boundary conditions.
In one space dimension the method is essentially equivalent to the original method in [11] applied to the
2 x 2 system for (%,v) followed by a reconstruction of w, but in multiple space dimensions additional

modifications are proposed to maintain the method’s time step stability properties.

3.1. One Space Dimension. This section outlines the dissipative method in one dimension. A
schematic picture of a full time step can be found in Figure 3.1.

3.1.1. Initialization. We start by approximating u and v on the primal grid at the initial time, ty. As
discussed above, this amounts to setting approximate values of derivatives of the functions gy and g; at the
nodes: o

h:. d'g
0o o 'z 0 . _ .
L~ TW(%), 1=0,...m, i=0,...,n,,
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Fig. 3.1: A schematic picture of the steps in the dissipative method. Solid circles represent the primal grid
and open circles represent the dual grid. Z is the Hermite interpolation operator and 7 is the time evolution
operator.

h, d'g1 .
?lzrm(gﬂz), [=0,..m—1, i=0,...,n,.

Here the data ¢f*; will define the approximations, p™, to v and dj'; the approximations, ¢", to v. Ideally we
would use exact Values of the derivatives but alternatively they can be obtained by interpolation or projection
of the initial data. Note that derivatives of order m are used in the approximation of u, higher than for the
approximation of v. The reason for this choice will be clear from the analysis presented in Section 3.2.

3.1.2. Evolution. The first step in evolving the approximate solution to the time ¢ = o + At/2 is to
construct the piecewise Hermite interpolants of the data (2.3):

2m+1 l
r—T;, 1
0 _ 0 +35
pi+%(x) - §: €1,0,i+3 < I ) s VT € [z, @il
=0

2m—1 CE4+1 l
i1
Z leH-Q (TQ> Vo € (3, 24,

where the coefficients ¢;  ; 1 and d; ;4 1 are uniquely determined by the interpolation conditions (2.4).
The second step is to expand the new polynomials in time

u l7
. 2m+1 ku (l,m) . T30 l f— o)
Piyy (@) = D Clairy ha At )

2m—1 Ko (l,m) x fL'iJr% ! t—to *
Z Z z,e,z+ < hay ) ( At )

The coefficients with s > 0 are obtained by insisting that the approximation satisfy equations (3.1) and
(3.2), and equations obtained by repeated differentiation in space and time of (3.1) and (3.2). Precisely we
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ask that at (x; +%,t0) the approximations satisfy

l+s,,0 l+s—1_.0
0"y, 0O Givy
ortots ortots—1 7
l+s 0 l+s+1,,0 -
0 qi+% 28 pi—&-% ols lf

orot | C 0xtreor—1 | ozlor—1

Expressing these equations as truncating recursions for the coefficients we obtain

At
0 0
(3.4) Clsits = 5 Us—1itd
1+2)(1+1)At ht At 9its—1
(35) d?si_;’_l :C2( + )( + ) CO i x f
bsyit 5 s h2 TH2s=Lits Do gl gglots—1

The upper limits of the temporal Taylor series, x, and k, are chosen so that, for f = 0, the Taylor series
truncate which means that &, (l,m) = 2m —1—2[1/2], and &, (I, m) = k,(l,m) + 1. Here the notation |z | is
rounding to the nearest smaller integer (|| = “floor of 2”). The fact that the Taylor series truncates means
that for f = 0 the polynomial data is evolved exactly. Moreover, as long as cAt < h,, the evolution at the
cell center is exact for the piecewise polynomial data, a fact which is exploited in our analysis.

Once the coefficients above have been computed we find the approximate solution at the dual nodes at
the half time step by simply evaluating the polynomials and their derivatives. The initial data for the next
half time step are thus

I Al
o 1/2 h;. 0O
(3.6) Clit1/2 = _ﬁ _amlpwé(l’u%vtl)y 1=0,....,m,

1/2 hfx (?l

(3.7) Li+1/2 = 1 ol Bt s

(xH%ﬂf%), [=0,...,m—1.

3.1.3. Boundary Conditions for the Second Half-step. To complete a full time step the procedure
is repeated, starting with the data (3.6) and (3.7). At the interior nodes x;,i = 1,...,n; — 1 the procedure
is the same as above but at the nodes xg and x,, we must use the boundary conditions to fill in ghost-
polynomials at x_; /o and x,,_ 41/2. For periodic problems this is straightforward, but for other boundary
conditions this requires additional calculations.

Fundamentally, we must determine 2(m + 1) unknowns that specify the polynomial at a boundary, say,
at * = xg. Requiring that the degree (2m+ 1) polynomial centered at z( interpolates the (m+ 1) data at Ty
yields (m+ 1) independent linear equations. The first of the remaining (m + 1) independent linear equations
can be obtained by requiring that the polynomial coincides with the boundary condition, say w(0,t) = g(t).
Additional independent equations on the even derivatives of u and v can be obtained by differentiating
the boundary condition in time together with the PDE. For example ¢4 (t) = uiu(0,t) = ugz(0,%) and
Grtv(t) = Ut (0,1) = v4,(0,t) and so forth.

Practically, we “solve” these equations by simply extending the polynomial from the interior. For exam-
ple, if the boundary condition is of Dirichlet type and constant in time we first specify the ghost polynomial
so that the coefficients associated with even powers of x of the interpolating polynomial (that is centered
at the boundary) are all zero. If the boundary condition is non-zero we then adjust the constant term in
the interpolating polynomial to agree with the value of the boundary condition. Neumann conditions are
handled similarly but with an even extension of the interior polynomial to the ghost polynomial.

We note that this approach to enforcing boundary conditions is often referred to as compatibility bound-
ary conditions and has been used, for example, by Henshaw [13] in the context of solving Maxwell’s equations
in second order form.

3.2. Convergence in One Space Dimension. We now analyze the convergence properties of the
method described above. We consider 2m-periodic solutions to the wave equation (3.1)-(3.2) with f =0, for
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which the natural energy estimate is
1d [T 4 (0u 2 9
. —— — dx = 0.
(3.8) 5 7 7Trc <8x> +vider =0

To follow the analysis in [11] we will consider the above energy in the |- |,, semi-norm where the interpolation
is stable and dissipative in the sense

0L, u 2 2 5 | Ou 2 2
(3.9) c? +|Zmo1v], < | — 1| +]v|, .
or |, m or |, m
This inequality is a direct consequence of (2.8) as | 2% = \w|72n 4 for any w(z). We note that this

inequality is the motivation for approximating v and v by polynomials of differing degree. We also note
that the analysis can be applied to problems with homogeneous Dirichlet and Neumann conditions with
compatible initial data by extending them smoothly to periodic problems on larger domains.

Now, assuming that the time step satisfies cAt < h, we can write the method outlined above as an
evolution of the interpolants of the basic degrees of freedom. Precisely:
i. Interpolate the initial data p° = Z,,90, ¢° = Zn_191.

ii. For n =0, %, 1,..., evolve by half steps

Pt In O "
3.10 L) = S .
(3.10) < q"te ) ( 0 Zpma ) < q" )

Here S refers to the exact evolution operators over a half time step. As noted above, for polynomial data,
these coincide with the recursion relations (3.4) and (3.5) followed by the evaluation of the Taylor series
(3.6) and (3.7) as long as the CFL condition cAt < h, is satisfied.

We now state and prove our main convergence result for the dissipative method.

THEOREM 1. Let 1> c¢At/h, > 0 and let T > 0 be fized. Suppose go € HZHY, g1 € HZI then there is
a constant C, independent of hy, so that

n n m— d2m+1go d2m91
Fl =l < onzet (1 1S )

d
3.11 _ n _ 7
( ) H dx (" =p") dx2m+1 dax2m

Proof. We start by defining the local truncation errors 1 and &
unts I 0 um n"
< o ts > - ( 0 Zpm S o )T ey )

Note that, as the evolution operator S is exact, the truncation errors are simply the interpolation errors
n" = utr — T unte, & = vTE T, e

We next define the errors

which are governed by the error equations

n+3y n
Cu - Im 0 e
iz () -(5 2, )s(:

with initial data

e3e
~
+
7N
oy
R
~

€1OL = 4o _Im907 610; =41 — Imflgl-
Now, to obtain the estimate in the theorem we will first estimate the energy error in the semi-norm

1 1
where we can make use of the orthogonality (2.8). We start by differentiating ez+2 m + 1 times and eg+2
m times

1
a1t gm+1 n dmtl o n
(3 13) dxm1 — dxmT1 Im 0 S €y T dzm+1 n
. o n+% = O am _'Z en qm gn .
d(;lin dzm+m—1 v dz™ )
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Recalling that the local truncation errors are interpolation errors we can proceed by taking the L? norms of
(3.13). Then, using the orthogonality (2.8) we rewrite

N _ [ SE Y g
s(d)-(58) »-()

and arrive at

1
‘ dew'* wid|? dT,,S,B" | \ i
(814) | =—| 4|’ ‘m:(? e m+|Im_1SUE'|;+c2 67—35 m+|§ 2.
m
To proceed we use the identities
d'rn+1 . m+1 . m—+1 . .
WSuE == WImSUE - W(ImSUE - SuE ),
dx—mSUE = dI_mIm_lst fdx—m(lm_lSuE —S,E"),
together with (2.8) to obtain:
dZL,S.E" |* dS,.E" |*
(3.15) & | =24 | 4|, 1 SB[ = ¢ + S, E" 2
dx m dx m
d (S,E" — I,,S,E™) |* . .
e |l - )" |SyE™ — Ty 1S, E"|, .
Next we introduce the semi-norm energy error
der |*
(3.16) En=c |22+l

and note the fundamental fact that the energy measured in any Sobolev semi-norm is preserved by the exact
solution operator S:

2

dS,E"
‘ +[S,E"|%, =&

dx

m

(3.17) c?

Now, a direct estimate in terms of £ does not give a sharp error estimate unless we carefully track the
cancellation of errors between time-levels. To do so we first introduce 6™ by rewriting (3.14) using (2.10)

0" = <02

We then use (3.15)-(3.17) and find:

d (SuE"™ — T,nS,E™) | *

dx

1/2
+ |S,E" Imlst"m) .

m

EnYE = £ — (57) + O™,
To expose telescoping we separate ((5”)2 on the left
(3.18) (07) = £ — EMFY2 L O(h2™).

Now, summing (3.18) to the final time J = T'/At we conclude

J—1/2
> () =& - &L +0oh2m
n=0
(3.19) = O0(h3™ 1),
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so long as the initial conditions are approximated with sufficient accuracy.
To prove the theorem we must connect the estimates in the semi-norm to Ls-estimates. Taking one

. . n+i
derivative of e, 2 we have

A3 d n "
(3.20) ) = d“'I’"S“En o4&
€Z+2 T 1Sy E &n,
Invoking the triangle inequality and (2.9) and defining

d
£ =l enll® + llez |

we have
1) /2 2, d 2 2 12 2, d 2 2 12
(e72) 7 < (A SB I+ 1S E"2)  + (Pl (TnSu = Su) E) I + || (Tn1S0 = S.) B
dx dx
+O(h2™).

Now using the fact that S preserves the energy and invoking (2.12)
1/2
(e4) 7 <+ onman + o(n2m).
We sum and make use of (3.19)

<5n+%)1/2 < Chmjiofsj +O(h§m71)

1/2
n

<cnm v [ Yo (9) ] +omEmh

j=0
=O0(hy" ).
Finally noting that the truncation error terms driving the estimate are proportional to

d2m+1 U d2m,U

|l

it + 1
and by the energy equality these can be bounded by their initial values the estimate (3.11) follows. O

3.3. Two Space Dimensions. The straightforward extension of the method described above to two
(or higher) space dimensions would be to use the extension of the one dimensional recursion relation on
tensor product interpolants based on derivative data of order m in each variable to approximate u and of
order m — 1 in each variable to approximate v. Unfortunately such a method does not achieve stability at
the full geometric CFL condition, cAt/h,, < 1. Fortunately, we have found that a slight modification of
the computation of the first time derivatives results in a method which does achieve stability at the full CFL
and displays optimal convergence in the energy norm.

The motivation for the modified method is the control of the multidimensional semi-norm in which
Hermite interpolation is a projection. However, the modified method described below does not result in exact
evolution of polynomial initial data, which is the second main ingredient in our error analysis. Therefore a
more involved analysis would be required, and to date we have not been able to carry it out.

The recursion relations for computing the time derivatives are a straightforward generalization of the
one dimensional case and read as follows (for brevity we consider the case f = 0 and suppress the indices of
the space-time grid)

At
(3.21) Ckls = ?dk,l,s—lz
kE+2)(k+1)At [+2)(1+1) At
(3.22) dics = 02()79()]7_26/%%27&571 + 02()7§)ﬁ0k,l+2,s—1-
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Now, the local degrees of freedom representing v and u at each node are m? and (m + 1)? coefficients of
node centered tensor product polynomials of degree m — 1 and m. In order for the two dimensional method
to be stable with a time step At = CFLmin(h,, h,) where CFL ~ 1 we have found that it is necessary to
start up the recursion with the following first step

1,1 = Atdy o, k,1=0
digy = Ak +2)(k+ )hzck+21+c I+2)(I+1)5kc) 19 k,1=0,....2m —1.

Here ¢, are the (2m + 2) x (2m) coefficients of Z,,, ,n—1u and ¢} ; are the (2m) x (2m + 2) coefficients of
Tyn—1.mu. For the remaining coefficients s = 2...,4m + 3 we use (3.21) and (3.22) with k,1 =0,...,2m +1.

To add up the Taylor series at the cell center we must also compute an approximation to u itself. For
this we use Z,, y,u. As in the one dimensional case the evaluation of the approximations (now truncated in
k and 1) concludes the first half-step.

As we are considering flat boundaries we can apply the one dimensional odd/even extension of ghost
polynomials to enforce Dirichlet and Neumann boundary conditions.

The motivation for the use of the special interpolants in the startup step is again the basic inequality
for the conserved energy which follows from (2.8):

AL 1t |2 OLy—1.mt
c m,m—1 + C2 m—1m + |Im—1,m—1v|$n .
Ox m,m 82_] m,m
ou | ? ou |*
(3.23) <2 | v | + o,
Oz m,m 81/ m,m ’

To use (3.23) to establish stability we must supplement it with a separate treatment of functions which are
independent of one of the coordinates. This is a somewhat complex argument which we will not pursue here.
In addition we have not been able to generalize the convergence estimate (3.11). However, in all numerical
experiments (see §5) we have carried out we do observe convergence at or above the order predicted by (3.11)
as well as the ability to march in time at a CFL number one independent of order.

We note that although the method involves four Hermite interpolants, a proper organization of the
calculation based on viewing Z, m—1%, Zy—1,mu and Z,, ,,u as corrections to Z,,_1 ,m—1u shows that for m
not small the cost is not much more than the cost of computing two Hermite interpolants.

3.4. Truncation Error. To better understand the error behavior of the method as well as its disper-
sion/dissipation properties it is useful to examine the truncation error to leading order. To that end we use
(2.13) as well as a straightforward generalization to the mixed order interpolants used when d > 1:

PLnm i fy) (PIwy) L@ (0 RNy
Da? YT o2 (2m+2)o2 \U T 4 HpZmiz
1 a2m+2f
.24 R (P
(3.24) @m)] (y 1 > ey 00
L1 f(2,y) _ 32f(:c,y)_ 1 8_2 - h_2 m+1 82m+2f(0 )
dy? T2 2m+2)0y2 1 oyemtz
1 h2 m 82m+2f
2 = (22 v 7 .
(3.25) ] <T T ) T (0,0)
Again we assume the cell center is the origin. Writing cAt = Ah the exact update formulas are
m-+1 ()\E>2]' 4 m ( ﬁ)?]—‘rl '
U(O, 0, At/2) = Z %VQJU(O,O, 0) P -1 Z 2 VQJU(O, 070) + O(th—i-?))7
= () = 2i+1)!
m+1 ()\ﬁ)ijl m ( ﬁ)
1}(0, 0, At/?) =c Z (2;_ 1) vy (0 0 0) + Z 2 2 V27 y (0, 070) + O(h2m+2).
j=1 7=0



Substituting (2.13) as well as (3.24)-(3.25) into the update formulas for the discrete solutions u'/2, v'/2? we
derive an expression for the truncation errors to leading order. To simplify these we introduce:
oFu 0Fu oFu oFu
LFu==—(0,0,0 0,0,0), M*u=——5—(0,0,0) + ————(0,0,0).
u=gr(0.0.0) + 57(0,0,0) gaF2gy7 000 T gy (0.0:0)
Then
1 m+1 ()\ﬁ>2j m1 h m+1—j
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1 h 27 2\ m+1—j
1 2m+2 (S ()‘5) m h
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1 T m+1\ ( p\"
0,0,At/2) —v'/2(0,0) = ———— [ *™+2 2 2j !( . ) (--)
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To simplify these expressions introduce some notation and apply the binomial formula to find
(3.26) (0,0, At/2) —u'/?(0,0)
h
— )\5 (O[h,2m+1L2m+271, + BthJrlMQerQU + C*l,}/h2mL2mU + O(h2m+2)) ,
(3.27)  ©(0,0,At/2) — v/%(0,0)
h ,
_ )\5 (Cnh2mL2m+2u 4 C’VhQr’LMQT’L+2’LL + Vh2m71L2m,U 4 O(h27rb+l)) 7
where
9-(2m=1) (32 — )™ A2 —1 A
v= = v =—v
(2m)! o em+2)em+1) T amt2”
27(2m+2) m ) ) m —om m A m
= i+ 1)7H 25 + 1) aF 1m9< , ) )TN (— mJ( : )
9= S LU e (] > e (

From (3.26)-(3.27) we make the following predictions which will be verified in the numerical experiments:
i. For A < 1 the third term in (3.27) dominates the error and we expect convergence at order 2m — 1, exactly
as proved for the energy when d = 1.
ii. For A — 1 the second term in (3.27) dominates the error and the convergence rate will approach 2m.

4. Conservative Hermite Methods for the Wave Equation. In contrast with the dissipative
method, our conservative method only uses the variable u, directly approximating
0%u

W = C2V2U + f

11

(4.1)



The starting point for the conservative schemes is the Taylor expansion in time of w(z,t) around

t=t,+ 4 andt =t, — &, ie.
At 1 At\" O u(z, ty)
tr—)=Y = [(+x= ) — .
u(@,t+ =) Z ( 2 ) ot

Adding the equations we find

At At 1 (AN 0%u(x,ty) 1 (eAt\?
(4.2) u(m,t—l—7)—|—u(:r:,t—7):2;:ﬁ (7) TZQ;ﬁ <T> Vaiu(z,ty),
=0 =0

where we have used equation (4.1) with f = 0 to replace time derivatives with derivatives in . With these
formulas we pursue a Hermite-based generalization of high-order conservative time-stepping schemes based
on the so-called modified equation approach; see, for example, [13] for an example in the finite difference
context.

Ti—1 €; X IEH% Ti41

-
|
N

Fig. 4.1: A schematic picture of the steps in the conservative method. Solid black circles represent the primal
grid and open circles represent the dual grid. The red circles represent the interpolated solution where the
equations are enforced. 7 is the Hermite interpolation operator and 7 is the time evolution operator.

4.1. The Method in One Space Dimension. Using the same grids and degrees-of-freedom, Clii» A8
in the previous section, as well as the Hermite interpolant at the current time level

2m-+1 o l
pi(r) = Z Cﬁo,i <h—l>
xT

1=0
we may employ the update formula (4.2) to find 0211/2
m—| %] 21
ntl  p-i cAt n (2l + k)!
(4.3) Chi T =2 ; (%) 021+k,0,im, k=0,...,m.

Here the truncation of the sum guarantees that all terms are included and hence the evolution of polynomial
1
data is exact. Thus, under the usual CFL condition cAt < h,, the updated data cZ—;E is also exact for the
evolved piecewise polynomial approximations, p; and p?fl/ 2 Boundary conditions are enforced in the same
way as for the dissipative method. A schematic of the grids used and the process for taking one step can be
found in Figure 4.1.
12



4.2. Convergence in One Space Dimension. Assuming periodic boundary conditions we write the
method as:

(44) pn+1/2 :I(S+pn+87pn)_pn71/2'

The half-step solution operators S+ are defined by:
At
Stw(zr) =w (:L + (,7> ,

and as above 7 denotes both the dual-to-primal and primal-to-dual degree 2m + 1 Hermite interpolation
operators with cell widths h (we are suppressing the suffixes as the interpolants are always degree 2m + 1
for the conservative methods).

Concerning the shift operators S+ we note that:

(45) |S:t.ﬂm+1 = |f|m+17
(4.6) IS+ fII = IfIl,

The exact solution, u, satisfies:
(4.7) u(z,t + At/2) = Syu(z,t) + S—u(z, t) — u(x, t — At/2).
The error, e™(z) = u(z,t,) — p"(x), then satisfies

(4.8) 2 =T (S + S e™)
(1= T) (Seulta) + S (e, 1)) — V2

We now introduce conserved variables:
Uys(x,t) =u(z,t) — Scu(z,t — At/2),
and note the equation
(4.9) Us(z,t+ At/2) = Sz U (x,t),

holds as a result of (4.7). The equation obviously implies using (4.5),(4.6) that the L? norm and Sobolev
seminorms of U+ are conserved in time. Similarly we define

(4.10) PP =p" — Sip"1/2,

and note that, using the fact that Zp™ = p™, and the definition of the method (4.4),

(4.11) PPt = IS PP+ (T —1)S.P.
Setting

(4.12) B (&) = Us(a, 1) — PL(2),
note that

(4.13) Bl =e" —Spem 12,

and calculate directly using (4.9), (4.11):

EfY? = IS.EL + (T - 1)SLE™
(4.14) +(L =) (S4U-(stn) + S-Us(1n)) -

Note that the absence of + in the last term due to symmetry.
13



4.2.1. Energy and error estimates in the Sobolev seminorm. We first note that just as the
norms (and seminorms) of Uy are conserved by the continuous evolution the sum of the seminorms of
P? are also conserved. By the orthogonality property of the Hermite interpolation operator (2.7) and the
seminorm-preserving property of S+ we have using (4.11)

‘Pn+l/2 ‘ . ‘pn+1/2 ‘ = — |z5_P" | " +a-1)s_Pr ‘ -
+ TSP+ A -DSeP ]
= [8-PP |t !S+P”|m+1
(4.15) = | P}y + 122 s
with the analogous equality holding at the next half step.
We now consider (4.14). For simplicity we define
(4.16) A" =S U_(tn) + S_U4 (1),
Note that
Ui(x,t) =u(z,t) —ulz £ c%,t - %)
(4.17) = % (%(w,t) ic%(m,t)) +O0(At?).
Thus for sufficiently smooth solutions u we have
(4.18) (1=T)A",, ;1 < CAt- R
We then have:
‘En+1/2‘m+1+‘E”+1/2‘m+1_]ISE ]m+1+]( SE_’Herl
+ |IS E" ym+1+ |1-z S+E"\m+1
—2((1 = 1) (S4E” +S_E}) ,(1 = D)A" )y
+2|(L-1)A"
(4.19) S B2 AR 24

+C ( | B3 |2, + | B m+1>1/2 At- R4 CAE - R,

where we have made use of the orthogonality relation (2.7) and the Cauchy-Schwarz inequality.
Defining

(4.20) Emi = | EY | m1 T | EZ | m1’
and summing over all steps we have
n 1
(4.21) n o < EMNZ oAt RN ENE (\/ I \/53,;1{ 2) + Ct, At - B2 2,

Note that £ +1 is directly determined by the initial data and the first half time step, which we assume has
been determined with sufficient accuracy that

(4.22) EM2 < Chml
14



Setting

(4.23) m1 = MAXEL, 4,
we have
(4.24) My < Ot K™ JME L+ CRP PR (1 48, At).

From this we conclude the fundamental error estimate in the seminorm.

LEMMA 4.1. For u sufficiently smooth there exists C independent of h and At such that
(4.25) n o < ChPmPR(1 4 42).

4.2.2. Error estimates in L?. We begin by estimating the L? norms of the errors for the conserved
variables, E7. Using (4.14) in conjunction with (2.9), (2.12), (4.6) and (4.25) we obtain the inequality

n+1/2 n n n
B2 < IS5 BRI+ (T = D)S=EL + I1(Z - 1)S< B2 + (2 - DA
<||BL| +Chm™t JER 4+ CAL- 22
(4.26) <||BL|| + C(1 + )R>+,
Assuming the initial data is sufficiently accurate
(427) H60,1/2|l < Oh2m+1,

and that the CFL number is bounded below
(4.28) c% >n>0,
summing (4.26) yields:
(4.29) |EL| < O(L+t2)h2m L
Now from (4.13) and (4.29) we obtain
(4.30) lem 72 < [[Se|| + 1B < e + O(1 + 2)pm L,

Summing (4.30) we obtain our main convergence result.

THEOREM 2. For u sufficiently smooth there exists C independent of h and At > ¢ 'nh such that
(4.31) e™]| < CR*™ (1 +t3).

4.3. The Method in Two Space Dimensions. Again using (4.2) and, as for the dissipative method,
using the notation in (2.5), (2.6), we derive an explicit and compact update formula for the coefficients (again
the spatial indices are suppressed)

2m
1

+l 1 2 . . )
(4.32) N ZO > (k4 2i2)! L+ 2i)Pi i, Cyin 26,00 ki l=0,...,m.
=0 {iz,iy }€D

Here ¥ is the set of integers that satisfy all of the relations
i t+iy=r (k+2iy)<(Cm+1), (I+2i)<(2m+1),

or said more plainly, we make sure to not address outside the array holding cZ’; 0 The matrix P is a scaled
version of Pascal’s triangle (oriented to start in element Py ). Precisely, let
15



1 1 1 1
1 2 3 4
1 1
(4.33) P = 36 0 ,
1 4 10
then

2i 2j
Pl L ()T (AT
Y 2i425) T\ ke hy,

where the indexation for i and j starts with zero. Obviously, extensions to more space dimensions are
straightforward.

4.4. Truncation Error. The truncation error for the conservative method is computed as in the
dissipative case. In particular, noting that truncating the sum in (4.2) at { = m + 1 produces an error of
O(h?™+4), setting cAt = Ah, and invoking (2.13) we find:

2 —(2m+1) m+1
U(0,0,At) 7p1(070) _ (i“) <h2m27/\2[12m+2u Z )\2l(71)m+17l < m+1 ) +O(h2m+2))

2 (2m + 2)! —~ l
At 2 9—(2m+1) (\2 _ 1)m+1
30 - (%) (th @m +2)! A O(h2m+2)) |

From (4.34) we predict, as proven for d = 1, that the convergence rate for the conservative method will
be 2m, approaching 2m + 2 as A — 1. This will be verified in the numerical experiments.

5. Numerical Experiments.

5.1. A Gaussian Pulse in a 1D Box. The aim of this example is to empirically investigate the rates
of convergence of the conservative and dissipative methods as a function of m. To do this we solve

Utt = Ugg,
on x € [—3/2,3/2] with the initial data
u(z,0) = e 207" v(z,0) =0,

and with boundary conditions u(—3/2,t) = 0, u(3/2,f) = 0. The boundary conditions are enforced as
described above, that is, if we denote the m + 1 coefficients of the polynomial approximating u at the
leftmost dual gridpoint 21/ = —3/2 4 hy /2 by ci[z1/2], we set cjlx_y /2] = (—D)ig [21/2]. Similarly on the
right boundary we set the “ghost-polynomial” [z, +1/2] = (—1)HD¢ [, —1/2]. The boundary conditions
for the velocity are handled in the same way.

We solve until time 12 4+ 7, 7 ~ .25, when the exact solution is

u(@ 124 7) = 5 (7 4 o0,

and compute the Lo-error for the solution evaluated on a sufficiently fine grid. For all m we choose the time
step so that At/h, = A. We use a sequence of grid refinements starting with n;(co) =10 and n;“ = [1.271%71)]
and fix A = 0.8 and 1.0. In order to be able to take an integer number of time steps we adjust 7 to be as
close to .25 as possible.

The L?-errors for resulting h, and for the dissipative method are displayed in Figure 5.1 and the results
for the conservative method can be found in Figure 5.2. In both figures we display results for m =0, ...,5.
As can be seen the rates of convergence are (2m — 1) and (2m) for the dissipative method for A = 0.8 and 1.0
and (2m) and (2m + 2) for the conservative method. These are as predicted by the truncation error analysis
given above.
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10°

Fig. 5.1: The dissipative method, results are for the example with the Gaussian initial data. Displayed are
L?-errors as a function of h, for m = 1,...,6. To the left is for A\ = 0.8 and to the right A = 1.0. The dashed
lines are ~ h2™~! to the left and ~ h2™ to the right.
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Fig. 5.2: The conservative method, results are for the example with the Gaussian initial data. Displayed
are Lo-errors as a function of h, for m = 0,...,5. To the left is for A = 0.8 and to the right A = 1.0. The
dashed lines are ~ h2™ to the left and ~ h2™*+2 to the right.

5.2. Numerical Verification of Conservation. The theory for the conservative method above does
not account for roundoff effects and in this experiment we investigate how well the energy

2
m+1

2

Etn) = | P L

+ | P
is conserved between time steps. In the Figure 5.3 we display the (m + 1)th derivative of P} and P- for
the approximation of the exact solution u(z,t) = sin(x) cos(t) at time ¢ = 0 and on a grid « € [—n, 7] with
hy = %’T and with At = h, /2.

As can be seen in the figure the (m + 1)th derivatives of Py are discontinuous and displaced relative to
the element centers. As the curves are piecewise smooth we (for simplicity) fix At = h; /2 which allows the
sub-division of each element into four parts of size h, /4 where the curves are continuous polynomials that
can be integrated exactly (up to machine precision effects).

In Figure 5.4 we display the difference in £ at the initial time and subsequent time steps (we display every
100th time step). Two initial data are considered, the exact solution u(x,t) = sin(x)cos(t), and random
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Fig. 5.3: The figure displays the (m + 1)th derivative of Py and P_ for the approximation of the exact
solution u(z,t) = sin(x) cos(t) at time ¢t = 0.

initial data. For the latter the initial polynomial coefficients are chosen randomly from a uniform distribution
between 0 and 1. We use h, = 27/30 and monitor £ for one million time steps for m = 1,3,5. In the first
case the change in £ is relatively small although the size of the difference is increasing with increasing m.
For the second set of initial data the difference of £ from its initial value increases more rapidly in ¢.

5.3. An Example in Two Space Dimensions. To verify the convergence properties of the two
methods in two space dimensions we approximate the plane wave u = sin(27k(z + y + V/2t) on the unit
square with periodic boundary conditions. As in the one dimensional case we fix A = 0.8 and 1.0 and take

the final time to be as close to 4.18 as possible using an integer number of time steps. The parameter k is
taken to be m + 1.

In Figures 5.5 and 5.6 we display the Lso-errors in u for the conservative and dissipative methods. As in

the one dimensional case we see that the methods are of order 2m and 2m — 1 when A < 1 and 2m + 2 2m
respectively when A = 1.0.

6. Implementations on Accelerators. The Hermite methods of Goodrich and co-authors were first

tailored to graphics processing units by Dye in [10] wherein an implementation for the two dimensional
advection equation was proposed. Strategies for three-dimensional equations were later proposed by Vargas
and co-authors in [21]. Here we focus on extending the techniques introduced in [21] to develop algorithms
for the dissipative and conservative Hermite methods in three space dimensions.

In [21] two strategies for implementing Hermite methods on GPUs were explored. The first approach
proposed separate interpolation and evolution kernels enabling specialized tuning of each step. A drawback
of this approach is the additional memory required to explicitly store the interpolant. To bypass the need of
additional storage, a monolithic kernel was proposed which fused the interpolation and evolution procedures
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Fig. 5.4: Very long time conservation properties for smooth and rough data under the influence of roundoff
errors.

L2-error
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Fig. 5.5: Displayed are the Ls-errors as a function of grid size for m = 1,...,6 for A = 0.8 to the left and
A = 1.0 to the right. These results are for the dissipative method and the dashed slopes are ~ h2™~! and
~ h2™ for A = 0.8 and A = 1.0.

into a single kernel call. Performance results in [21] demonstrated that both approaches led to a comparable
time to solution.

Keeping consistent with the CUDA nomenclature [19], we expose two levels of parallelism. The first
layer assigns a block of threads to carryout the interpolation and evolution procedure on a cell. The second
layer exposes fine grained parallelism in which block local threads carry out the local operations found in
constructing the interpolant and evolution step. Exploiting the tensor product structure of the polynomials,
the interpolants are reconstructed in a dimension by dimension manner and expressed as a series of matrix-
matrix multiplications. To maximize performance, shared memory is used to hold intermediate computations
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Fig. 5.6: Displayed are the Ls-errors as a function of grid size for m = 0,...,5 for A = 0.8 to the left and
A = 1.0 to the right. These results are for the conservative method and the dashed slopes are ~ h2™ and
~ h2m+2 for A = 0.8 and A = 1.0.

(shared memory is replaced with memory on the stack when considering the CPU). Additionally, we apply
the shared memory rolling technique as used in |21, 20].

The experiments presented in this manuscript were carried out on a single node of SMU’s ManeFrame
IT compute cluster using double precision and an NVIDIA Tesla P100 graphics card as the accelerator. The
card has a theoretical peak bandwidth of 732 GB/s and can potentially perform 4700 Gigaflops in double
precision. To estimate a more “realistic” bandwidth we consider a simple DAXPY (combination of scalar
multiplication and vector addition) kernel. For a sufficiently large vector a streaming bandwidth of 552 GB/s
was observed on the graphics card; although this is not indicative of the card’s capabilities it does serve as
a representative of “ achievable peak” performance numbers.

In this work we evaluate kernel performance by measuring the effective arithmetic throughput and
effective memory bandwidth using the NVIDIA profiler. The effective arithmetic throughput is computed
using the number of floating-point operations given by flop count dp, and the effective memory bandwidth
is obtained by summing dram_read_throughput and dram_write_ throughput. Here bandwidth corresponds
to the sum of bytes read and written to global memory by a GPU kernel. We adopt OCCA as our API [17]
which allows us to cross-compile code into a variety of API’s. For completeness we provide a comparison of
time to solution for a GPU and a multi-core CPU. The multi-core CPU is a dual 18-core Intel Xeon CPU
E5-2695 with an operating frequency of 2.10 GHz.

We note that these experiments are for problems posed in three space dimensions, as it seems most
important to develop efficient implementations of the method with an eye towards challenging large-scale
problems.

6.1. Dissipative Method. Following the techniques described above, we begin with tailoring the
dissipative Hermite method to the graphics processing unit. The main challenge in tailoring the method
stem from the varying number of degrees of freedom used in representing the displacement and velocity
variables. This becomes troubling as building interpolants of varying spatial order leads to irregular access
patterns. To overcome this challenge local arrays are padded with zeros to ensure data structures of equal
dimensions thus simplifying the implementation. The first version of the method, which will be referred to as
the simple-method, introduced in this article reconstructs a single Hermite interpolant for the displacement
and velocity components respectively; while the second variant, which will be referred to as full-method
introduces an additional interpolant for each spatial dimension (total of five interpolants), the additional
interpolants were necessary in order to maintain At ~ min(hy,hy,h.). In this section we explore both
version and we compare time per iteration.

We begin our performance analysis by considering the two kernel approach for the simple-method and
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follow by considering monolithic kernels for both the simple and full methods. As the full method would
require substantial global memory for the five interpolants we did not consider the two kernel approach.
Figure 6.1 reports the observed bandwidth and GFLOPs for both versions of the method. For these numerical
experiments, we chose the number of stages of the Hermite-Taylor Scheme to be 2m + 2, which is less
than what is required for exact evolution of the cell polynomials, but sufficient for convergence at design
order. As intermediate computations are stored in shared memory we find that the second variant ( with
additional interpolants) required more shared memory than supported in the graphics card and thus we
cannot go beyond an m = 2 method. Here we may conclude that by considering two kernels we can achieve
a significantly higher dram throughput but not a significantly better time to solution.

Dissipative Hermite Method Dissipative Hermite Method
‘ ‘ 1,500 ‘ ‘
—_— Ea Inter-Simple
400 — ] 00 Bvolsimple
2 7 — D [] Mono - Simple
CQ ] ono -Fu
T = 1,000 B Bo vono-run
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3
M
0 \ T T
2 3 1 2 3
m m

Fig. 6.1: Performance of the Dissipative Hermite Method.

Choice of m m=1 m=2 m=3
Simple - Interpolation | 375 / 634 | 262 / 650 | 202 / 658
Simple - Evolution 400 / 517 | 457 / 706 | 426 / 518
Simple - Monolithic 57 /1140 | 40 / 1034 | 40 / 940
Full - Monolithic 25 /893 | 17.7 / 834 -

Table 6.1: Table of Bandwidth (GB/s) and GFLOP/s.

6.1.1. Time per Iteration. For completeness, a comparison of time per iteration is presented. Here
we tailor separate OCCA kernels for the GPU and CPU. Table 6.2 reports the time per iteration when

targeting different platforms via the OCCA API. Obviously the GPU delivers the solution in substantially
shorter time.

6.2. Conservative Hermite Method. Building on the point-wise formula given in Equation (4.3)
we consider an algorithm which first approximates high order derivatives via Hermite interpolation, and
propagates the solution by accumulating the necessary spatial derivatives. Figure 6.2 reports the peak
achieved bandwidth and GFLOPs for both the separate interpolation/evolution and monolithic kernels.
Similar to previous experiments, we find that the performance of separate interpolation and evolution kernels
is limited by the device’s ability to read and write to global memory. The monolithic kernel does not
experience this bottleneck since it does not explicitly write out the interpolant.

6.2.1. Time per Iteration. For completeness, a comparison of time per iteration is presented. As
before we tailor separate OCCA kernels for the GPU and CPU. Table 6.4 reports the time per iteration
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Choice of m m=1 m=2 m=3
OCCA::OpenMP - Simple Method 0.88 sec 1.16 sec 1.92 sec
OCCA::OpenMP - Full Method 1.50 sec 2.10 sec 2.57 sec
OCCA::CUDA - Single -Simple method 0.057 sec | 0.087 sec | 0.10 sec
OCCA::CUDA - Two Kernels - Simple method | 0.15sec | 0.15sec | 0.156 sec
OCCA::CUDA - Full method 0.11 sec 0.17 sec -

Table 6.2: Comparison of time per iteration of the dissipative Hermite kernels executed on the GPU and
CPU. For orders m = 1, 2, 3 the number of grid points were chosen to be 160, 120, 90 per Cartesian direction.
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Fig. 6.2: Performance for the conservative Hermite method.

Choice of m m=1 m =2 m=3

Monolithic Kernel 148/1175 | 106/1250 | 82/1410
Interpolation Kernel | 433/775 | 438/1222 | 386,/1334
Evolution Kernel 500/343 | 452/504 | 469/658

Table 6.3: Table of Bandwidth (GB/s) and GFLOP/s.

when targeting different platforms via the OCCA API. Again the time to solution is significantly smaller for

the GPU.

Choice of m m=1 m=2 m=3
OCCA::OpenMP 0.55 sec 0.86 sec 1.12 sec
OCCA:CUDA - Single Kernel | 0.035 sec | 0.052 sec | 0.0579 sec
OCCA::CUDA - Two Kernels 0.057sec | 0.0628 sec | 0.0619 sec

Table 6.4: Comparison of time per iteration of Hermite kernels executed on the GPU and CPU. For orders
m = 1,2,3 the number of grid points were chosen to be 280, 190, 140 points per Cartesian direction.
Noticeably a single GPU kernel offers a slightly better time to solution due to the advantage of not having
to store the interpolant.
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7. Conclusion and Future Work. We have demonstrated two approaches to solving the scalar wave
equation using Hermite interpolation. Both are stable for CFL up to 1 independent of order and converge
at a rate roughly twice the number of degrees-of-freedom per node. Moreover, we find that the methods do
an excellent job of exploiting GPUs, with time-to-solution on a single NVIDIA P100 twenty to thirty times
less than on a dual 18-core CPU.

From a practical perspective, future work must include implementations in complex geometry; we plan
to use both overset structured grids and hybrid structured-unstructured grids. In addition we will generalize
the method to systems, such as the elastic wave equation. Theoretically, although one can prove that the
methods are stable at full CFL, we have as yet been unable to extend the convergence analyses to multiple
space dimensions.
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