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ABSTRACT. In this paper we introduce general transfer operators between high-order and low-order refined
finite element spaces that can be used to couple high-order and low-order simulations. Under natural
restrictions on the low-order refined space we prove that both the high-to-low-order and low-to-high-order
linear mappings are conservative, constant preserving and high-order accurate. While the proofs apply
to affine geometries, numerical experiments indicate that the results hold for more general curved and
mixed meshes. These operators also have applications in the context of coarsening solution fields defined
on meshes with nonconforming refinement. The transfer operators for H! finite element spaces require a
globally coupled solve, for which robust and efficient preconditioners are developed. We present several
numerical results confirming our analysis and demonstrate the utility of the new mappings in the context
of adaptive mesh refinement and conservative multi-discretization coupling.

1. INTRODUCTION

High-order numerical methods, including conforming finite elements, spectral elements, and discontinu-
ous Galerkin methods, promise high efficiency and accurate solutions, in particular on modern computing
architectures [I3], 21] [I7]. However, traditional low-order methods remain useful for a large range of prac-
tical applications. Furthermore, the development of stable high-order methods poses additional challenges
[8, 2], and their efficient implementation requires significant infrastructure [2I) [I]. For these reasons, while
increasing number of components in large-scale simulation codes are transitioning to high-order, many other
components remain low-order [34] 28] [35]. This is a considerable challenge for multi-physics simulations that
need both types of components, since solution data must be exchanged between the high-order and low-order
parts of the simulation. Coupling high-order discretizations with low-order methods is also important for the
purposes of preconditioning [29, [7], 30} 4], shock capturing [33] [36], and limiting [43] [31], among others. In
the context of multigrid methods (in particular p-multigrid methods), prolongation and restriction operators
are required to transfer solutions and residuals between high-order and low-order levels in the multigrid
hierarchy [15] [16], 12} B37].

The goal of this paper is to provide practical tools for solution transfer between high-order and low-order
finite element spaces with supporting analysis that ensures both accuracy and conservation. We propose
transfer operators that are designed to preserve constant fields (cf. freestream preservation, [41[I8]), conserve
integrated quantities of interest (e.g. total mass, momentum, and energy), and retain as high of approximation
properties as allowed by the given spaces. We develop a general methodology to define such operators in the
abstract setting, and then consider the specific case where the low-order space is obtained by the so-called
low-order refined procedure, whereby each element of the high-order mesh is subdivided into a number of
subelements of lower order.

The high-to-low-order transfer operator R and the low-to-high-order transfer operator P are defined
by simple variational problems 7, and explicit formulas @7, that can be implemented easily and
efficiently in high-order application codes. Assuming only that the low-order space is large enough (in the
sense of condition ), we prove that the solution transfer will be conservative and constant preserving
in both directions. For the important practical case of a low-order refined space on a mesh with tensor
product elements, we prove both conservation and high-order accuracy provided sufficient refinement (cf.
Lemma (1)), with spacing based on a Gauss—Lobatto-like quadrature rule. Both of these requirements are
natural and easy to satisfy. Our approach works in 2D and 3D, on tensor-product and mixed meshes, and
can be extend to high-order curved meshes, in which case one needs to choose between conservation and
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constant preservation. While the proofs of the theoretical properties hold for meshes consisting of affine
tensor-product elements, our numerical results indicate that these properties do generalize to the high-order
curved and mixed meshes. Besides coupling high-order and low-order codes, the transfer operators can also
be used in other applications, e.g. coarsening in adaptive mesh refinement, an example of which is illustrated
in the numerical results.

The rest of the paper is organized as follows. In Section [2] we define the transfer operators in the
abstract setting, and prove several important properties, particularly regarding conservation. The accuracy
of the resulting operators, relying on analysis of one-dimensional quadrature rules, is considered in Section
Implementation details and several numerical experiments verifying the theoretical properties of the operators
are provided in Section[d] This section includes also a multi-discretization example illustrating the high-order
coupling of a structured grid finite volume advection solver with a high-order finite element space. We end
with conclusions in Section [l

2. MAPPINGS BETWEEN HIGH-ORDER AND LOW-ORDER REFINED SPACES

In this section we introduce the mappings between high-order (HO) and low-order refined (LOR) spaces
that we propose as general transfer operators for coupling high-order and low-order simulations. Here we
focus on the conservation and constant preservation properties of the mappings, their accuracy is discussed
in the following Section

2.1. General mappings. We begin by defining the transfer operators in general abstract settings. Let V/
be a Hilbert space with inner product (-,-), and let Vi and V;, denote finite-dimensional subspaces of V. In
this abstract setting, Vg represents a “high-order” subspace of V', and Vp, represents a “low-order refined”
subspace of V', with the only requirement being that V7, is sufficiently large, such that

(1) Vi N Vi ={0}.

Our goal is to define transfer operators between Vg and Vi that are conservative, accurate, and constant
preserving. We define these operators, R : Vg — Vi and P : Vi, — Vp as follows

(2) (Rug,vr) = (umg,vr) for all vy, € Vp,,
and
(3) (Pvr, Rug) = (v, Rug) for all ug € Vy.

These operators are illustrated by the following diagram:

VH <LVL

-

S

In the remainder of the paper, we refer to the operator R as the restriction operator, and the operator P as
the prolongation operator.

Theorem 1. Assume that Vg and Vi, satisfy (1), and introduce the subspace S = R(Vy) C Vi,. Then the
transfer operators R and P defined by and (3) have the following properties:

(1) R is injective, and R : Vi — S is a bijection.
(2) P is surjective, and P is a left inverse of R, i.e. PR : Vg — Vg is the identity operator.
(3) @ =RP:Vy — S is a projection, and P = R|§1Q.
(4) For any functions 11, € Vi, and 1g € S, we have the following conservation properties:
(4) (R’U,H,].L) = (UH,].L) and (PUL7].3) = (UL,]._g).

(5) For any uw € Vg NV, u= Ru = Pu.

Proof.
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(1) First, R is well-defined as the orthogonal projection between two finite dimensional subspaces of
V (see @ for an explicit formula for its matrix representation). Suppose Ruy = Rwy for some
ug,wy € Vyg. Then, for any vy, € V,

0= (RUH — R’U)H,UL) = (RUH,’UL) — (RwH,vL) = (UH — ’UJH,UL)

by . Since Vi N Vi = {0}, we have uy = wy, proving injectivity. S is defined as the range of R,
and so R : Vg — S is a bijection, completing the proof of the first property.

(2) Since S is a finite dimensional subspace of V7., given vy, € V, there is an unique orthogonal projection
onto S, i.e. there is wy € Vp such that (Rwy, Ruy) = (vr, Rug) for all uy € Vy. By this
implies that Pvy, := wy is well-defined (see @ for an explicit formula for its matrix representation).
Now, let ugy € Vg be given. For any wy € Vg we have

(RPRup,Rwy) = (PRug, Rwg) = (Rupg, Rwyr) by and

which gives us RPRuy = Rupg. By injectivity of R, this implies PRuy = uy for any uy € Vg, and
so P is surjective, and PR = I, proving the second property.

(3) Note that, for Q@ = RP, Q> = RPRP = RP = @, and so Q is a projection, and P = R|'Q by the
definition of @) and the bijectivity of R : Vg — S. This means that we can think of P as a two-step
process: an orthogonal projection from Vi, to S, followed by inversion with R.

(4) The conservation properties hold for any 1;, € Vi, and 1g € S from the definitions (2]) and . Note
that R has stronger conservation properties than P because, in general, V7, is larger than S.

(5) Finally, setting u for Ru clearly satisfies 7 and so Ru = u. Then PR = I implies Pu = PRu = u,
completing the proof. O

Theorem |[1| shows that the restriction and prolongation operators defined by and have many
desirable properties for coupling simulations posed in the Vy and Vi, spaces. For example, since PR = I,
any “high-order” function mapped with R can be exactly recovered by P and so no information is lost
by using the “low-order” space. In addition, if constant functions belong to both Vg and Vi, then both
operators preserve them. Furthermore, if V = L?(2), both operators are conservative in the sense that they
preserve the integrals over (2, e.g. the mass is preserved when transferring density. Note than even if the
condition does not hold, the restriction operator R still enables a one-way conservative map from high
to low order. However, when is satisfied, we have a much more useful two-way coupling.

Remark 1 (Transfer of dual vectors). In this paper, we focus on the transfer of primal vectors between the
spaces Vg and V. However, we note that the operators R and P defined above can also be used to define
transfer operators R* : Vi — Vi and P* : V' — V}; between the corresponding dual spaces. Letting My
and My, denote the Riesz identification of a primal vector with its associated dual vector, we briefly discuss
two possible definitions for these transfer operators. The first is given by

R; = M, RM;', P} = MygPM; ",
while the second is given by
Ry = P7, P = R,
It is easy to see that in both cases P*R* = I, and both sets of operators satisfy constant preservation and
conservation properties. The operators are illustrated by the following diagrams:

Ve —— <T Vi Vg —— <T VL
MHJ JML RTMLRJ JML
R LN
Vir == — Vi | m— o Vi

2.2. High-order and low-order refined mappings. As a canonical example of the transfer operators R
and P, we consider the so-called “low-order refined transfer.” Let Q C R? d = 1,2, or 3 denote a spatial
domain, and let Ty denote the computational mesh. Let V = L?(Q), where (u, v) = [, uvdz denotes
the standard L? inner product. Let Vi be a high-order finite element space, whose elements are piecewise
polynomials of degree p. The high-order space Vi can be either a continuous or discontinuous space (e.g.
Vi is either an H! or L? finite element space). The low-order refined space V7, is a finite element space with
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F1GUure 1. Tlustration of high-order (V) and low-order refined (Vz) finite element spaces.
The high-order space is defined on a course mesh with polynomial degree p = 5, indicated
by the blue nodal points (left panel). The low-order space is defined on a mesh obtained
by subdividing each coarse element into subelements with Gauss—Lobatto points as vertices
(right panel).

polynomial degree ¢ < p, defined on a mesh 7Ty, obtained by refining the high-order mesh, Ty, n times in
each dimension. An illustration of these spaces is given in Figure[[] We remark that such low-order refined
spaces has been used extensively in the context of preconditioning (with R = P = I), where the spectral
equivalence of the mass and stiffness matrices defined on V;, and Vj is often referred to as the finite element
method—spectral element method (FEM—-SEM) equivalence [9] 6} [7].

We require that the mesh 77 be sufficiently refined so that the number of degrees of freedom in element
of Vi is less than the total number of V}, degrees of freedom in that element. While V7, can be chosen to
be either a continuous or discontinuous space, it is typically more computationally efficient if the low-order
space is discontinuous, and we will make this assumption in many of the examples below. We next show
that under these assumptions (with Vi, discontinuous) the orthogonality assumption is satisfied, namely
Vi N Vi = {0}, cf. [1], and thus the statements of Theorem [1| hold.

Lemma 1. Let u(x) be a polynomial of degree p defined on [—1,1]. Decompose the interval [—1,1] into n
subintervals [a;, a;11]. Furthermore, suppose that for all such subintervals, we have

a;
| u@e@ar =0 de@ <o,
where

() n(g+1)=p+1

Then, u(x) is identically zero.

Proof. Fix one subinterval [a;,a;4+1]. Let x1, s, ..., z, denote the zeros of u, ordered such that the first m
zeros are those of odd multiplicity contained in (a;, a;+1), and the remaining p + 1 — m zeros are either of

even multiplicity, or lie outside of (a;, a;11). We claim that m > ¢+ 1. Suppose to the contrary that m < g,
and define the polynomial Q(x) by

Then, by assumption,

Note that u(z)Q(z) has only zeros of even multiplicity, and so it does not change sign on (a;, a;+1). Therefore,
either u = 0 or else we obtain a contradiction, and conclude that m > g + 1. In the latter case, we see that
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u has at least ¢ + 1 zeros in each interval, and so u has at least n(q + 1) > p+ 1 zeros in [—1, 1], implying
that v = 0. (|

Remark 2. The above theorem can be generalized to the d-dimensional cube [—1,1]% using a tensor-product
arqgument. The same conclusion holds if the integral is weighted with a separable tensor-product weight. In
particular, if Vi is a degree-p finite element spaces defined on a mesh consisting of affine tensor-product
elements, and Vi, is a degree-q finite element space defined on a mesh refined n times in each dimension,
then Vg NV ={0} ifn(g+1) >p+1. In Section we numerically study the generalization to non-affine
meshes, curved meshes, and simplex elements.

Since any constant function belongs to both Vi, and Vj, the transfer operators R and P preserve constants,
and by taking 15, = 1g = 1, the constant functions, we have the following conservation properties from :

/R(uH)dx:/qum and /P(UL)dx:/dex.
Q Q Q Q

When Vg is discontinuous, R and P preserve piecewise-constants on Tg, and we get the stronger local
conservation properties

/R(uH)dx:/ upg dx and /P(vL)dﬂcz/ vy dx.
ey eH €H €H

for any element ey € Tg.

Remark 3 (Curved meshes). In many applications, the high-order space Vi is defined on a mesh with
curved elements. If the low-order refined space Vi, is also defined on a mesh with the same curved elements,
then the above analysis holds. Howewver, it is also practical for the low-order refined space Vi, to be defined on
a straight-sided low-order mesh. In this case, the areas and volumes of the mesh elements are not the same,
and so one can have conservation or constant preservation but not both [2]. Our default option is to choose
the former, which results in a second-order error in the mass conservation, see Section [{.3 for numerical
results.

Remark 4 (AMR derefinement). Suppose that Vi, is obtained from the finite element space Vi through
an adaptive mesh refinement procedure. This procedure can include non-conforming refinement (i.e. with
hanging nodes [10]). Note that Vg C Vi, and so R is given by the natural injection. In this case, the
P operator can be used to derefine functions defined on the adaptively refined mesh, see Section [{.5 for
numerical results.

In the case of high-order and low-order refined finite element spaces, the transfer operators R and P can
be expressed naturally in terms of the low-order and mixed mass matrices. Let My denote the low-order
mass matrix, i.e.,

(ML)ij Z/Ql/JiijL,

where {w]L } are the basis functions for Vi, and let Mg denote the mixed mass matrix, i.e.

(ML )ik :/Qi/%%f,

where {¢)f'} are the basis function for V. Then, by definition (2)), the operator R : Viz — V, can be written
in matrix form (operating on the vectors of degrees of freedom in Vg and V) as

If V1, is a discontinuous space, then M, is block-diagonal, and so M ! can be computed efficiently element-
by-element. In the piecewise-constant LOR case, My, is a diagonal matrix, and can be inverted trivially.

Since implies that R is injective, the associated matrix has full column rank, and so RTMR is
invertible. Then, the operator P : V;, — Vg defined by has the matrix representation

(7) P = (R"M_,R)"'R" M.
Note that this explicit matrix representation immediately gives PR = I (cf. property 2 of Theorem. If the

high-order space is also discontinuous, then P can be computed efficiently element-by-element. Otherwise,
a global solve is required to compute the action of P.
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Remark 5 (Alternative transfer operators). Given a restriction operator R : Vi, — Vg, it is possible to
define several alternative prolongation operators P : Vi, — Vy. In this work, we choose P to be given by
(13) since it is a conservative, constant-preserving left-inverse of R. One other natural choice of prolongation
operator is the L? projection, P' = MglMHL = MglRTML, which is conservative and constant-preserving;
however, P’ fails to be a left-inverse for R. Similarly, the prolongation operator given by P" = (RTR)~*RT
is a left-inverse for R, but in general fails to be conservative. Pointwise nodal interpolation is also commonly
used, particularly in the context of FEM-SEM preconditioning, but this operation is mot conservative and
depends on the choice of nodal interpolation points for the high-order space.

Another option similar to what we propose in this paper is to define P: V. — Vg as the L? projection,
and then define R: Vg — Vi to be its conservative right-inverse R= R(RTMLR)’lMH. This definition
gives rise to operators with properties similar to those enumerated in Theorem [1]

2.2.1. Preconditioning the P operator. In the case where the high-order space Vi is continuous, a globally
coupled solve is required to compute the action of P = (RT My R)~*RT My. The following result establishes
that RT M R is spectrally equivalent to the high-order mass matrix,

(M) :/§2¢f[¢1€17

and so any effective preconditioner for My can be used to precondition the inversion of the R M}, R operator
in the action of P.

Proposition 1. Let V be a low-order refined finite element space, let My and My denote the low-order
and high-order mass matrices, respectively, and let A = RT M1 R, where R is defined by . Then, M&lA
is uniformly well-conditioned.

Proof. Note that the operator R is given by the restriction to Vi of the L? projection onto V. Therefore,
R is a projection, and so, for any vy € Vi, ||Rvgllo < ||[vm|lo- Hence

v R My Rvy = |Rug |3 < |lvmll3.

Since R is injective, we have |Rvg]|| > «|lvillo, where the lower bound « is estimated in Lemma 3] and
shown to be independent of polynomial degree in the context of piecewise constant low-order refined space
Vi. Therefore, RT MR ~ My, and so the condition number of M I}lRTM 1R is uniformly bounded. O

In the special case of tensor-product meshes (i.e. with quadrilateral or hexahedral elements), the high-
order mass matrix is spectrally equivalent to its diagonal, independent of mesh size h and polynomial degree
p, see [0, [40] and Section As a consequence, the above proposition implies that the operator A = RT M R
is well-preconditioned by the diagonal D of the high-order mass matrix in this case, enabling efficient and
readily available diagonal preconditioning.

Corollary 1. Consider tensor-product finite element spaces Vi, and Vg with Gauss—Lobatto nodal basis
functions. Let D denote the diagonal of the high-order mass matriz My, and let A = RTMpR as in
Proposition . Then, D™'A is uniformly well-conditioned.

2.2.2. Conservation of multiple fields. In certain contexts, it may be desirable to conservatively transfer
multiple fields. For example, suppose that density and velocity are represented in the high-order spaces as
pg and ug, respectively. We wish to compute low-order approximations, pr and uy that are both mass
and momentum conserving. In many applications, the density pg € V, g is discontinuous, and the velocity
ug € Vi g is continuous, see e.g. [3]. Let R, :V, u — V, 1 denote the restriction operator defined above in
terms of the standard L? inner product, and let p;, = R(pg). Then, mass conservation follows from .

In order to define the momentum-conserving transfer operator for velocity, we consider density-weighted
inner products on the velocity spaces:

(uL,vL)u:/uLvade and (uH7vL)u:/uLvaHdm.
Q Q

Having first computed pr = R(pm), we can compute the density-weighted transfer operator R, using these
weighted inner products. Then, letting vz, = R,(ug), we have, by ,

/ urpr dr = (up, 1)y = (ug, 1), = / ugpyg dx,
Q Q
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proving conservation of momentum. If the low-order space is discontinuous, then the computation of R,
requires only the inversion of the block-diagonal density-weighted mass matrix.

A similar procedure can be used to map from the low-order spaces to the high-order spaces. First, given
the low-order density pr,, the high-order density pg = P(pz,) is computed using the prolongation operator
P defined in terms of the unweighted L? inner product. Assuming that the density spaces V,,p are V, g are
discontinuous, we see that P = (RT M R)~1 RT M, can be computed element-by-element. Once py = P(pr)
is computed, we can compute the density-weighted prolongation operator P, in terms of the density-weighted
inner products. Since the high-order velocity space V,, g is typically continuous, the matrix R;M LR, is not
block-diagonal, and so the corresponding prolongation operator cannot be computed element-by-element,
and instead REM 1R, may be preconditioned using the results of Proposition [I| and Corollary

3. ACCURACY OF THE MAPPINGS

In this section we study the accuracy of the transfer operators and . R is a standard L? projection
operator with respect to the inner product on Vz, and its accuracy properties are well understood. Therefore,
our focus is on the accuracy of the prolongation operator P.

Let f € V be a given function, and suppose that f is approximated by fg € Vg, ie. f = fg + eg, for
some error term ey. Let f; = Il f, where II;, denotes L? projection onto V;. We are interested in the
accuracy of Pfr € Vi compared with fry. We begin with a general result, estimating the accuracy of P fr,
in terms of a lower bound for R.

Lemma 2. Let f € V be given, and let fi € V. Define fr € Vi, by fr, =pf. Then,
1Pfr—fl < @+a HIf ~ full,

where a gives a lower bound for the operator R, i.e. |Rv|| > «||v||.

Proof. First, note that Il f =1l fy + ey, and so Pfr, = PIl; fg + Pllpey. Recall from the definition
, that PIIy fg is defined by

(PIIL fu, Ruy) = (Il fu, Rug) for all ug € ugy.
By definition of the L? projection, (Il f, Rug) = (fu, Rug), and so by
(RPUL fu, Rup) = (Rfu, Rug),
implying (since R is injective) that PIl;, fg = fg. Therefore
(8) I1Pfr—fll = fu +Plren — fll < [|PHren| + llenl,

and so it remains to estimate the term ||PIlpeg||. Since IIg is a projection, we have |[IIpen| < |exn||
Furthermore RP is a projection by Theorem [1} and so ||RPur|| < |Jur|. Since the operator R is injective,
we have |Rupl|| > allug|| for some a, and hence

1
[Purll < —lucll-
«
Combining this estimate with (8], we have
1 _
1Pfr = fll < llemll + [POren| < llem|| + —llenl = (1 + o Dlles]- O

Now, we consider the specific case of high-order to low-order refined transfer defined on meshes with
tensor-product elements. Suppose V = L2(Q), and Vj is a finite element space with polynomial degree p
and mesh size h, and V, is a low-order refined piecewise constant finite element space. Then, if f possesses
sufficient regularity, we can bound the error term |leg || by O(hP*!). Additionally, in this case, we have the
following lower bound on R, whose proof we defer to the following subsections.

Lemma 3. Let Vg be a high-order finite element space of degree p consisting of affine tensor-product ele-
ments, and let Vi, be a piecewise constant low-order refined finite element space satisfying Vi NV = {0}.
Then, the operator R has the lower bound

|Rv|| > alv]| for allv € Vg,

where the constant o ~ 1 is independent of the polynomial degree p.
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As a consequence of the above two lemmas, we have the following main accuracy result regarding the
prolongation operator P. Informally it states that the range of P has the same approximation properties
as the full high-order space, and thus there is no loss of high-order accuracy from the transfers between the
high-order and low-order refined spaces.

Theorem 2. Let Vi be a high-order finite element space consisting of affine tensor-product elements, and
let Vi, be a piecewise constant low-order refined finite element space satisfying Vg NV = {0}. Let f € V be
given, and sufficiently regular, such that f = fg + en, where ey = O(hPTY). Let fr, = Uy f. Then,

1Pfr — fllo S P fllo,

where the implied constant is independent of the polynomial degree of the high-order space.

We now turn our attention to the proof of Lemma [3] We begin by enumerating some technical results
regarding one-dimensional quadrature rules.

3.1. 1D quadrature analysis. In this section we derive some estimates for the abscissas z; and weights

w; of 1D quadrature rules
1
/ f(z)de ~ Zwif(xi)
1 P

which we classify to be of either open or closed type:

(1) The open rules have n abscissas and weights {(w;,z;)}" ;, with all points being interior to the
interval. Examples include the Gauss and Chebyshev (Fejer’s first) rules.

(2) The closed rules have n + 1 abscissas and weights {(w;, z;)}, which include the points zg = —1
and z, = 1. Examples include the Gauss—Lobatto and Chebyshev—Lobatto (Clenshaw—Curtis) rules.

We assume that the abscissas are sorted in an increasing order, and that the rule is symmetric with
respect to the origin, i.e. z; = —x,_;41 and w; = w,_;4+1 in the open case, and similar in the closed case.
We will also use superscripts to distinguish between the different quadrature rules, e.g. G for Gauss, C for
Chebyshev, GL for Gauss—Lobatto, and C'L for Chebyshev—Lobatto.

Remark 6. Generally, the abscissas of the open rules are the zeros of orthogonal polynomials with certain
weights, while the closed abscissas are the zeros of the derivative of that polynomial plus the two endpoints,
+1. Specifically

(1) The Gauss points {x$}"_, are the zeros of the Legendre polynomials P, (x) which are orthogonal in
[—1,1] with weight 1.

(2) The Chebyshev points {x{' Y7, are the zeros of the Chebyshev polynomials T,,(z) which are orthogonal
in [—1,1] with weight ﬁ We have z§ = —cos¢;, ¢; = (i — 3)m/n.

(3) The Gauss—Lobatto points {x$TY7_ are the zeros of (1 — x%) P! (z).

(4) The Chebyshev-Lobatto points {x$L}"  are the zeros of (1 — )T/ (z). We have z$'L = —cos ¢;,
¢; =im/n.

Both Legendre and Chebyshev are special cases of the Jacobi polynomials PT(LQ’B) which are orthogonal on

[—1, 1] with respect to the weight (1 — x)*(1 4+ z)%. The properties of the Jacobi polynomials are critical for
the estimates in this section, see [39].

We use the notation z ~ y to denote that there are constants 0 < ¢ < C independent of the number of
quadrature points, such that cx <y < Cz. We first observe that on [0,7/2] the functions x and sin(z) are
equivalent with respect to the ~ relation.

Lemma 4. If x and y are in [0,7/2], then x ~ sinx and x ~y = sinx ~ siny.

In the next proposition we summarize a number of known estimates of quadrature weights and points
based on representation of the points via angles on the unit semi-circle.

Proposition 2. The n Gauss weights and points satisfy
c c 2i—1

_ G ¢ T. .G
Ty = —cos¢;, w; Nﬁblnqﬁi, @i ~ o

T, t=1,...,n.
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Bruns estimates for Gauss angles Stindermann estimates for Gauss—Lobatto angles

N

2i—1 G GL 2z+1
2n+ <S¢ <3 +1 2n+ TP S 5T
o (@) ® e Q ®

™

FIGURE 2. Bruns estimates for the Gauss angles (left) and Stindermann estimates for the
Gauss-Lobatto angles (right) in the case n = 9.

Similarly, the n +1 Gauss—Lobatto weights and points satisfy

GL _ GL, ar T . GL oL 1 .
x; — CoS ¢; w;" ~ —sing; ", Q7 ~ —m, 1=0,...,n.
n n
Additionally

G G ™ GL gL T
i — O~ — and o7 — o~ —
n n

fori=2,...,nandi=1,...,n respectively.

The quantities ngiG and qSiGL are referred to as the Gauss angles and Gauss—Lobatto angles, respec-
tively.

Proof. The estimate w; ~ = sin ¢; can be found in the form

2
wy o VI
n
for both the Gauss and Gauss—Lobatto weights as equation (2.3.16) in [], and for the Gauss-Lobatto weights
as equation (2.3) in [6]. Both Gauss-Lobatto estimates are in the case i = 1,...,n — 1. For the special case
of the endpoint weights we have
WGl = wCL = 2 1

" n(n+1) Tz
These estimates are derived from Darboux’s asymptotic formulas for Jacobi polynomials, see (15.3.10) in
[39] for the Gauss case (in the setting of that paper a« = 8 =0, A\, = w;, and 8, = ¢;).
The Bruns estimates for the Gauss angles (cf. (6.6.2) in [39] and Figure |2) are:

21— 1 27

9 =1,...
() 2n+1 —¢7, —2n+1 ? ) an7
from which we obtain ) 5
< ¢ —of . <
1t S TS g T

and therefore - -
G G

c— < ¢ —¢i <C—

n n

for ¢ = % and C = % Furthermore, @ implies

c22_1w§¢§§02l_1w
2n
forc=2 and C = 3.
The Siindermann estimates for the Gauss—Lobatto angles (cf. [38], [25, Lemma 4.2] and Figure [2) are
2t 21 + 1
1 GL < — = i =0,...
(10) i = S e

from which we obtain

3
,/TS(ZSZ_GL_ GL<

om +1 “1=9, 11"
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and therefore

er < oft — o7 <O

n

for ¢ = % and C' = % Since ¢§T = 0, it is sufficient to show ¢$F ~ %7‘( for i > 1. In that case, (L0 implies
i i
c—m < ¢ch <C-m,
n n
_2 _3
forc= 5 and C = 3. O

The Chebyshev and Chebyshev—Lobatto points are defined as 2§ = —cos¢¢, ¢ = 2’ 17r and x¢F =
— cos c;SiCL, gi)iCL = %w, so the angle equivalences in Proposition |2[ hold as equalities. Equlvalently, we have
of ~of  and  ¢fF ~glt.
We also note the useful property that the n Gauss points {x$}™_, interleave the n + 1 Gauss-Lobatto
points {:EGL ™ o, which is a simple consequence of the definitions in Remark @

Proposition 3. For the points and weights in [—1,0] we have

2 2

T ) T
w ~ (2—1/2)—2 and h$ = xf—xglw(z—l)ﬁ
fori=1,...,[n/2], and
w2 2
wZGLNz? and hEL = oL — gGL (2—1/2)—2
fori =1,...,[n/2] and wOGL ~ 1/n?. It is straightforward to extend these results to all indices i by

symmetry.
In particular, near the endpoints both the weights w; and the distances between the quadrature points h;
are of order O(n=2), while in the middle of the interval their order is O(n=1).

Proof. By Proposition [2] and Lemma

2
™ . s
wf ~ ESHN?Z‘G ~ 5¢G (i — 1/2)7

The estimate w{r ~

z”—i follows that same way. Furthermore,
GL GL GL GL
2 1 P i e

sin ,
2 2

h$L = — cos ¢FL + cos p¥h = 2sin

SO

GL GL . 2
e T2 —1 T
ROL ~ (46T _ 4GL i i-1 T -1/
[ (¢2 171) 2 n 27’L ™ (Z / ) I

and similarly

¢G+¢ mdi—4 . 2
G — _ _

Corollary 2. For the appropriately defined indices of Gauss and Gauss—Lobatto points and weights in [—1,1]
the following equivalences hold:
(1) w ~ W~ (B + ) /2
(2) w (hgrL1+hGL)/2~hl+1 (c¢f. Lemma 2.1 in [6])
(3) wit ~ (wiiy +wi)/2, wi, ~ (wih +w*)/2
(4) hfil (hGE + hSE) /2, W ~ (1S, + hE) /2

Numerical results establish that the asymptotic estimates established above are quite sharp in practice.
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3.2. Equivalence of 1D high-order and low-order refined functions. We next use the quadrature
rule estimates to derive norm equivalences between high-order functions, which are polynomials of order n
or n—1 on [-1,1], e.g. with degrees of freedom in the points of an open quadrature rule, and low-order
refined functions that are piecewise linear H! or piecewise-constant L? functions on the 1D mesh defined by
the points of a closed quadrature rule.

First note that since both the n-point Gauss and the (n + 1)-point Gauss—Lobatto rules are exact for
polynomials of order 2n — 1, for any polynomial v of order n — 1 we have

1 n n
(1) ol = [ vlePde =Y wfolaf) = S ufloafh)
-1 i=1 i=0

The first equality in can be written in the form Mg = Dg, where Mg is the mass matrix for the
nodal basis {¢;} associated with the points z§', i.e. ;(2§) = 8;;, and D¢ is the diagonal of M. The
second equality in implies that Mgy, is a rank-one update of its diagonal, Dy, and the mass matrix in
Gauss—Lobatto points can be preconditioned well by its diagonal [40]. This statement holds for many other
choices of points, specifically, numerical results show that for n =1,...40:
k(Dg'Mg) = 1;
k(D' Me) < 112
k(DgpMar) < 1.5, remarkably this condition number decreases with n (cf. [40]);

K(D%Mﬁ) < 1.27, where zGL are the midpoints of the intervals (z&%, z¢L).

Canuto has shown that for polynomials of degree n, the L? norm is well-approximated by the L? norm of
its piecewise linear Gauss—Lobatto interpolant [6], summarized in the following proposition.

Proposition 4. For any polynomial v = vy of order n let vy, be the piecewise-linear continuous function
which has the same values as vy in the Gauss—Lobatto points, i.e.

vp (281) = vy (aF1), i=0,...,n.
We have
(12) lvrllo ~ llvcllo and — [[okllo ~ VLo,
or equivalently
n GL 4 pGL " )
(13) lvllg ~ Z%v(%@f and  |[v'|[§ ~ Zhﬁ (v(@f") —v(zfh))".

=0 i=1

Proof. The estimates are propositions 2.1 and 2.2 in [6] respectively. The estimates follow from
the fact that for a linear function ¢ on an interval [a, b] we have
1

b —a b 2
[ e~ B2 e@eem)  m [@r = gt e - )

By examining the proofs in [6] we notice that the only requirement on the closed set of points is (h;+h;41)/2 ~
w;. The last statement then follows from Proposition O

The next two propositions combine all 1D estimates so far to provide the key ingredient for the proof of
Lemma [3| Informally it states that the L? norm of a 1D polynomial of order n — 1 is equivalent to the L2
norm of the piecewise-constant function of its averages on the n intervals defined by a closed quadrature rule
with n + 1 points.

Proposition 5. For any polynomial v of order n—1 let vy, be the piecewise-constant discontinuous function
on the mesh of Gauss—Lobatto points that has the same averages as v on each subinterval e; = (x;,2;11) ,
i.e.,

We have
(14) [vllo ~ [[vLllo,
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or equivalently

(15) ol ~ > (/ )

i=1

Proof. Let w be a polynomial of order n that satisfies w’ = v. By (13) applied to w we have
n 1 n 1 2
2 2 2
lollg = llw'llg ~ > — (wlw) —wlwi))* = — / vl O
— h,; —~ h; \ /..
i=1 i=1 g
We now want to extend Proposition [5[ to more general sets of points. Notice that the only condition that
is required is for ||w'||o ~ ||w},|lo, where wy, is the piecewise linear interpolant at the given points.

Proposition 6. Consider any closed set of (n+1) points (i.e. containing the interval endpoints) that satisfy
condition (2.21) from [24] (note that this includes both Gauss—Lobatto and Chebyshev Lobatto points). Let
w be a polynomial of degree n, and let wy be the piecewise linear interpolant of w at these points. Then,
[w'llo ~ l[wplo-

Proof. Of all functions in H'[—1,1] that interpolate w at the given points, the piecewise linear interpolant
wp, has minimum H! seminorm (cf. [6]). Therefore, ||w},|lo < [|w'[lo. It remains to show [|w'[lg < [Jw},]lo- By
[5], there exists a polynomial 7, of degree n that satisfies the following three properties:

(16) lwn = mallo £ 0 lewn o,
(17) o — malls S llwnll,
(18) T (1) = wy (£1),

where the implicit constants in the inequalities are independent of n. Then, by property ,
lw" = whllo < lwy, — mpllo + 1w’ = llo S llwalls + lw" — o

Notice that because the interpolation points include +1, w — 7, is a polynomial of degree n that vanishes at
both endpoints. Therefore, by the inverse inequality on polynomials ([5], Lemma 4.4), we have |[w’ — 7/ ||o <

n|lw — m,lo. Then, by property (L6),

[w—mnllo < llw —whllo + |70 — wall S [lw —whllo + 1~ lwslo-

Theorem 2.2 from [24] gives us ||w — wy|o < n71||w) ||, and so, combining the above estimates, we obtain
the error estimate ||w’ — w}|lo S |Jwnll1 In particular, we have the stability result ||w'|jo < ||wp 1. Letting
w), denote the average of wy,, we apply the Poincaré inequality for zero-mean functions (as in [6]) to obtain
lw'llo = [[(w —@x) o < |lwh —Whl1 S [Jw),|lo- We therefore conclude that ||w'(jo ~ [Jw}, ||o- O

We are now ready to prove Lemma [3]

Proof of Lemma[3 We first consider the case where Vi is the space of polynomials of degree p on [0, 1], and
V1, is the space of piecewise constant functions defined on the subintervals defined by n + 1 Gauss—Lobatto
points, where n > p 4+ 1. Then, defining the operator R by , we have

(RUH,’LUL) = (’UH,U)L) for all wy, € Vp,.

Let k1, denote a given Gauss—Lobatto subinterval. Choosing wy, to take the value 1 on 1, and 0 elsewhere,
we see that Rvpy is the piecewise constant function that is equal to the average value of vy over each
Gauss—Lobatto subinterval. By Propositions [5] and [6] we see that |[Rvg|lo ~ [|vio, independent of the
polynomial degree of the high-order space p. This result trivially extends to the d-dimensional cube [—1, 1]¢ by
writing the d-dimensional restriction operator R, as the Kronecker product of the one-dimensional restriction,
R; = R® ---® R. Similarly, this estimate can be extended to affine elements with constant Jacobian
determinant (cf. Remark .

We next consider the case of more general quadrature point sets that satisfy the hypotheses of Propo-
sition [6] Let Vi be the piecewise constant finite element space defined on a low-order refined mesh with
subelements defined by such rule. Applying the above result element-by-element, over each element in the
high-order space Vg, we get

[ Rvello ~ [lve o,
and so the estimate |Rvgllo > a||lvm|o holds, with a = O(1). O
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Lower bound for R operator

T T T T T T T B T T I I I
‘ l—l\.\l o o] ] 0.9 —a— Gauss—Lobatto i
1071 N —a— Aug. Gauss—Legendre
\ —o— Chebyshev-Lobatto
_5 L 0.8 —e— Aug. Chebyshev
107° N —e— Uniform
\
3 V07|
10_9 [ 7 \
0.6
10713 - | \
\\
0.5
1077 ! ! ! ! ! [ ! !
1 2 4 8 16 32 64 1

F1GURE 3. Numerically computed estimates for the lower bound for the R operator for
different node choices. The right pane in a zoom-in of the plot on the left pane. Node sets
with Chebyshev distribution remain bounded, while uniformly distributed points exhibit
exponential decay of the lower bound.

Remark 7 (Non-affine and curved elements). The proof of Lemma@ holds for affine elements with constant
Jacobian determinant. In the numerical results in Section [J, we consider the more general case of curved
elements and mapped geometries given by k = T([—1,1]%) for diffeomorphism T : R? — R?. The extension
of the analysis to this case remains open.

Remark 8 (Alternative node sets). Empirical results suggest that any set of nodes that is asymptotically
distributed according to the Chebyshev density ~ n/(mv1 — x?) will result in accurate transfer operators
22, 42]. The numerically computed values of o (i.e. the lower bounds of the R operator) for the case of
piecewise constant low-order space in one spatial dimension are shown in Figure[3 for a variety of node sets,
including uniformly spaced, Gauss—Lobatto, Chebyshev—Lobatto, nodes, as well as the augmented Chebyshev
and Gauss—Legendre sets (obtained by taking the union with the interval endpoints {—1,1}). These numerical
results suggest that while the lower bound for R degrades severely for uniformly spaced points, it is essentially
uniform for other node choices.

4. IMPLEMENTATION AND NUMERICAL RESULTS

In this section we discuss the practical implementation of the proposed transfer operators, particularly
with respect to matrix-free efficiency which is critical for high-order methods. We also present a number
of numerical results confirming the accuracy and conservation analysis in Section [3] and Section [2] discuss
curved meshes and preconditioning, and demonstrate the utility of the R and P mappings in the context of
adaptive mesh refinement and conservative multi-discretization coupling.

4.1. Efficient implementation. In this section, we describe the efficient implementation of the transfer
operators on tensor-product meshes. In particular, we focus on the high-order matrix-free context, where
the computational complexity and storage costs associated with fully assembled matrix-based algorithms are
prohibitively expensive. We will make the assumption that the low-order space V7, is discontinuous, whereas
the high-order space Vi can be either continuous or discontinuous. Let ¢ denote the polynomial degree of
the low-order space Vi, and let p denote the polynomial degree of V. The space Vi, is defined on a LOR
mesh 77, which is obtained from the high-order mesh 7 by subdividing each element into n subelements,
where d is the spatial dimension, and n(qg+ 1) > p + 1 as required by .

The main tools required for efficient implementation of the transfer operators are sum factorization, which
allows for the efficient computation of the action of the linear operators with optimal memory requirements,
and matriz-free preconditioning, whereby preconditioners are constructed without access to the entries of the
matrix representation of the operator. We begin with discussion of the restriction operator R = M, "My,
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since that is also necessary for the computation of the prolongation operator P. The mixed mass matrix
My g can be written as -

Mpg = MA,
where A is the boolean assembly matriz that duplicates degrees of freedom shared between elements, and M
is a block-diagonal matrix whose blocks are the elemental mixed mass matrix. The blocks of the matrix M
are of size (n(q + 1))? x (p + 1)%. In general, each block is dense, and so the memory required to store the
assembled mixed mass matrix scales like (ngp)?, and the number of operations required to compute matrix-

vector products scales the same. The number of operations required to form these blocks is (’)(ndqdde)

using naive algorithms, and O(n%¢?p?*!) using sum factorization techniques [26].

On the other hand, computing the matrix-free action of M can be performed in O(n?(p*tt + ¢4*1))
operations using sum factorization. Perhaps more importantly, the memory required to compute the matrix-
free action is optimal: assuming that ng ~ p, only O(p?) memory is required. As a consequence, the
matrix-free algorithm has significantly higher arithmetic intensity than the matrix-based algorithm. On
GPU-based platforms, memory transfer is typically the bottleneck, and the matrix-free algorithms can be
expected to outperform algorithms requiring fully assembled matrices [23] [14] [13]. The appropriate choice
of algorithm will depend on both polynomial degrees p and ¢. In the context of discontinuous Galerkin
methods, it has been shown that for moderate orders of p = 3 or p = 4, then efficient matrix-free algorithms
may significantly outperform the corresponding matrix-based algorithms [20] [I9]. However, if the low-order
space has polynomial degree ¢ = 0 or ¢ = 1, the overhead required for matrix assembly is typically small
enough so that matrix-based algorithms remain practical.

The low-order polynomial degree ¢ is typically chosen so that the matrix M, can be efficiently assembled.
Since the low-order space is discontinuous, the inverse M, 1 can be computed block-by-block using direct
methods. In many practical cases, the low-order space consists of piecewise-constant functions (¢ = 0), and
so My is in fact a diagonal matrix. In cases where ¢ may be large enough to warrant matrix-free algorithms,
an element-by-element preconditioned conjugate gradient algorithm may be used. In this case, effective
diagonal or tensor-product preconditioners ensure uniform convergence of the iterations [40} 32].

Efficient implementation of the P operator builds on the preceding discussion of the R operator. We
recall that P = (RTMpR)"'RT M. The challenging aspect of this operator is performing the action of
A~1 where A = RT M R. If the high-order space is discontinuous then A is block-diagonal. In cases where
the high-order polynomial degree p is not prohibitively high, this allows for the block-by-block inversion
of the operator using direct methods, just as in the case of the DG mass matrix. For large polynomial
degree p, it is more efficient to solve the resulting system using a preconditioned conjugate gradient solver.
Furthermore, when the space Vp is continuous, then the system A becomes globally coupled, and block-by-
block algorithms are no longer feasible. In these cases, the matrix-free action of A is performed, as described
above. In Section [2.2.1] is shown that any uniform preconditioner for the high-order mass matrix My is a
uniform preconditioner for A. As a consequence, on tensor-product meshes, the diagonal of the high-order
mass matrix is an effective preconditioner for A. Iteration counts using this choice of preconditioner are
presented in Section [4:4]

4.2. Numerical experiments. The algorithms described in this paper have been implemented in the
MFEM finite element library [Il 27], and that implementation was used to perform the numerical experi-
ments presented in this section. The problems on tensor-product methods make use of the partial assembly
features of MFEM to implement efficient sum factorized operator action.

4.2.1. 2D test case. As a first numerical example, we consider a unstructured, straight-sided two-dimensional
mesh and high-order H'-conforming finite element space Vg with polynomial degree p. Let V;, denote the
piecewise-constant discontinuous space defined on the Gauss—Lobatto refined mesh, where each element is
subdivided into (p + 1)? sub-elements. Consider the function f defined by

f =exp(0.1sin(5.1z — 6.2y) + 0.3 cos(4.3z + 3.4y)).

Let 11 denote L? projection onto the space Vi, and let R and P denote the transfer operators as defined
in Section For g € {Ilg f, Rl f, PRIly f}, we compute the L? error || f — g|o, and the integral difference
fQ( f—g) dz. We consider four uniform refinements of the original mesh, and present the results in Figure
As expected by well-known properties of the L? projection, the L? error ||I1 f — f||o scales like O(hP*1), and
the L? error of the piecewise constant approximation || RILy f — f||o scales like O(h). All of these operations
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are conservative, and the total integral is preserved up to machine precision for each of the functions. By
Theorem |1} we have PR = I, and so the L? errors for Ily f and PRIy f are equal.

Additionally, we consider the functions IT;, f and PII}, f, where II;, denotes L? projection onto the space
Vr. Even though we can only expect Il f to be first-order accurate, Theorem [2| implies that the L? error of
PII f will scale like O(hPT1). This property is verified in Figure 4l Mass conservation is also preserved up
to machine accuracy for this test case.

Solid lines: |[TIg f — fllo Dashed lines: |[IIf — fllo
Dashed lines: |RITg f — fllo Solid lines: || PTIz f — fllo
10-1 1 101 J|—e—p=4
——p=>5
—eo—p=2~6
—o—p=17

10—13 | | | | 10—13 | | | |

Refinement level Refinement level

FIGURE 4. 2D test case. L? errors for transfer operators between high-order finite element
space Vg and piecewise-constant low-order space Vi. Dotted reference lines shown for
O(hPT1). Dashed lines converge at a rate of O(h).

We also repeat the same 2D test with a piecewise-linear low-order space. The results are similar to
the previous case, but as predicted by the analysis we observe second-order convergence for the low-order
functions RIly f and I f.

Solid lines: [[TIgf — fllo Dashed lines: ||II.f — fllo
Dashed lines: |RIIgf — fllo Solid lines: [|PIILf — fllo
—o—p=2
1072 1|—p=3
—eo—p=4
5 —e—p=>5
S 1075 N
g
N
1078 | N
107 B ! ! L1107 ! ! iw =
1 2 3 4 1 2 3 4
Refinement level Refinement level

FIGURE 5. 3D test case. L? errors for transfer operators between high-order finite element

space Vg and piecewise-constant low-order space V. Dotted reference lines shown for
O(hPT1). Dashed lines converge at a rate of O(h).
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4.2.2. 3D test case. The analysis and implementation are readily extendable to 3D as shown by the results in
Figure 5] The initial mesh for this problem was a 4 x 4 x 4 Cartesian grid, which was then refined uniformly
three times to obtain a final mesh of 32,768 elements. Polynomial degrees p = 2,3,4,5 were used for the
high-order space. The low-order space Vi, was taken to be piecewise constant.

4.3. Curved geometries. It is natural for the high-order space Vi to be defined on a high-order (i.e. curved)
mesh. While the low-order refined space Vi can in principle be defined on the same curved geometry, it
is often advantageous and more natural to define V;, on an associated straight-sided mesh. For example, if
the low-order space V7, is used to transfer solution fields to a low-order discretization that does not support
curved meshes, then the mesh must be straight-sided out of practical concerns. However, the process of
converting a curved mesh to straight-sided (e.g. by linear interpolation at nodal points) incurs geometric
errors. For example, the total volume and the volumes of individual elements are not guaranteed to be
preserved. In this case, a constant-preserving transfer operator cannot be conservative [2].

To numerically study the performance of the transfer operators defined on curved meshes, we consider a
two-dimensional mixed mesh consisting of triangular and quadrilateral elements with mappings defined by
degree-3 polynomials. The mesh is obtained from that shown in Figure[T] by splitting half of the quadrilaterals
into triangles and perturbing the mesh nodes. The high-order space is a degree-5 H'-conforming finite
element space defined on the curved mesh, and the low-order refined mesh is a degree-2 L? finite element
space defined on the straight-sided mesh obtained by interpolating the nodal points of the high-order mesh.
(We have n =4, ¢ = 2 and p = 5, so condition holds.) The results are presented in Table [1l We observe
that although the L? error of II, f scales like O(h?) (since the low-order space has polynomial degree ¢ = 2),
the restriction RIlz f has L? error that scales like O(h?). Similarly, the error of PIILf and the difference
in total integrals for both of these quantities scale like O(h?). This is because the total volumes of the
high-order and low-order refined meshes differ by O(h?).

TABLE 1. Convergence results on two-dimensional mixed mesh with curved elements and
piecewise-quadratic low-order space (n =4, ¢ =2 and p = 5).

Iuf RIly f
Ref. L? error Rate Integral ‘ L2error Rate Integral Rate

0] 4.80x107* 1.07 x 1071 | 3.69 x 1073 8.72x107% —
1]1112x107° 543 1.15x 107" | 848 x 107* 212 1.82x107* 2.26
21191x1077 587 444x107*° | 2.11x107% 2.01 4.42x107° 2.04
31284x107? 6.07 195x107|527x107° 200 1.10x107° 2.01
. f PII.f
Ref. L? error Rate Integral L? error Rate Integral Rate

1.05 x 1073 1.87 x 1071 | 3.23 x 1072 880 x 107* —
1.41 x107% 2,90 2.66x 107 | 7.51 x 107* 2.10 1.83x 10™* 2.27
1.77x107° 299 595 x 107 [ 1.89x 107* 1.99 442x10™° 2.05
222x107% 3.00 4.17x107"|4.72x107° 200 1.10x107° 2.01

w N = o

4.4. Preconditioning. In this example, we consider the diagonal preconditioning of P defined in Sec-
tion Recall that P = (RTMpR)"'RT M. Proposition [l| established that the condition number of
D~Y(RY My R), where D is the diagonal of the high-order mass matrix, is independent of the mesh size and
polynomial degree. We consider the two-dimensional straight-sided mesh shown in Figure [1} with four levels
of uniform refinement. The high-order space is a H'-conforming finite element space with polynomial degree
p, and Vy, is a L? low-order refined finite element space with polynomial degree q. We record the number of
conjugate gradient iterations required to converge to a relative tolerance of 10712 in Table[2l We observe that
the iteration counts remain bounded both with increasing refinements and increasing high-order polynomial
degree p. Additionally, the iteration counts with low-order polynomial degree ¢ = 1 are uniformly lower than
the corresponding iteration counts with ¢ = 0.
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TABLE 2. Conjugate gradient iterations required to solve RT My R with diagonal precondi-
tioning for a relative tolerance of 107'2.

q=20 qg=1
Ref. |p=1 p=2 p=3 p=4 p=5|p=1 p=2 p=3 p=4 p=5

0 23 37 38 39 35 21 22 22 21 18
1 39 38 36 32 31 32 23 20 17 14
2 41 35 30 29 28 31 21 17 14 11
3 37 32 27 27 25 29 19 14 10 9

TABLE 3. Convergence results for AMR coarsening.

Ref. | |lun— fllo  Rate | ||[Pun— fllo Rate | | [, (un — Pun)dz|
0] 3.02x107* — | 432x107* — 7.99 x 10715
1] 596x107% 566 | 9.46x107% 551 8.88 x 10715
21 910x107% 6.03 | 1.43x 1077 6.05 6.48 x 10714
3] 1.60x107°% 583 | 218x107° 6.03 1.10 x 10713
4244 %x107 6.04 | 3.31 x 1071 6.04 2.66 x 10714

4.5. AMR coarsening. Consider a conforming mesh, obtained from a coarse mesh through a series of
uniform refinements. This mesh is then further refined through a series of non-conforming (potentially
anisotropic) refinements, resulting in a non-matching mesh with hanging nodes [I0]. These refinements
could be driven through an adaptive process; in this example, the refinements are performed randomly. Let
Ve denote a degree-p finite element space on the conforming mesh, and V¢ denote the degree-p space on
the nonconforming mesh. Since Vo C Vi, the natural injection R : Vo < Vi satisfies the properties of
the R operator as defined in Theorem Defining the P : Vo — Vi operator as in Theorem [1f gives a
method for coarsening a field defined on Vye. Let M yc denote the mass matrix defined on the space Vye.
Then, the P operator takes the form P = (RT MycR)™'RT Myc. As in the cases of the low-order refined
transfer operators, computing the action of A~!, where A = RT My¢ R, generally requires a globally coupled
solve. The arguments of Section 2.2.1] apply also to this operator: A is symmetric and positive-definite, and
A is spectrally equivalent to Mg, the mass matrix defined on the conforming space. We therefore use the
diagonal of the mass matrix defined on the conforming mesh as a preconditioner for the operator RT My¢R.

Remark 9 (Matrix-free implementation of AMR coarsening). As discussed in Section the matriz-free
action of Myc can be performed efficiently using sum factorization techniques. Similarly, the diagonal of
Mg, required for preconditioning, can be obtained using matriz-free algorithms. Therefore, given an efficient
matriz-free representation of the injection R : Vo — Vg, the coarsening operator P also has an efficient
matriz-free implementation.

To numerically study the behavior of this coarsening operator, we consider a fixed two dimensional mesh,
and perform ¢ uniform refinements. Subsequently, a sequence of random refinements is performed to obtain
the nonconforming mesh. Let Vi and Viye be degree-5 H'-conforming spaces defined on the conforming and
nonconforming meshes, respectively. The function u, € V¢ is obtained by interpolating a given function
f at nodal points. Then, a coarsened function Pu; € V¢ is obtained by applying the coarsening operator
P. An example of this transfer process is illustrated in Figure [] In Table we present convergence
results for the transferred solution Puy. We note that ||Puy — fllo = O(hPT!). Additionally, we compute
the conservation error by comparing the integrals of the solutions u;, and Puy. Verifying the conservation
properties of Theorem [I], we see that the transfer operator is conservative up to machine precision.

4.6. Conservative multi-discretization coupling. To demonstrate the utility of these transfer operators
for multiphysics or multi-discretization applications, we consider the coupling of a high-order finite element
method to a high-order structured finite volume method. The space Vg is chosen to be a degree-p piecewise
polynomial finite element space defined on a two-dimensional Cartesian grid denoted 7 of the spatial domain
Q. In principle, the space Vg can be chosen to be either a continuous Galerkin or discontinuous Galerkin
space; in this example, we choose Vi to be a continuous space. The low-order space V7, is a piecewise constant
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un € Vo Puy, € Vo

FI1GURE 6. Illustration of coarsening operator P, mapping from the finite element space V¢
defined on the nonconforming mesh (left) to the coarser space V¢ defined on the conforming
mesh (right).

(i.e. finite volume) space defined on a mesh 77, which is obtained from Ty through uniform refinements.
Each element of Tz is subdivided into at least (p + 1)? sub-elements.

Given uY, € Vy, which could be obtained, for example, through the solution of a high-order finite element
problem, we compute u? = Ru;. This piecewise-constant field is used as the initial condition for a finite
volume discretization of the scalar advection equation u; + V - (Bu) = 0. The finite volume discretization
evolves the cell averages w; by integrating reconstructed polynomials on cell faces using an upwind numerical
flux. The initial condition is integrated in time using the standard fourth-order Runge-Kutta method to
obtain the solution uY. Using degree-¢ polynomial reconstructions in the finite volume discretization, the
spatial error scales as O(h9T1), where h is the element size of the mesh 77. Additionally, since we use a
conservative finite volume method, the total mass is conserved, i.e. [, u} dz = [, ul dz. The piecewise-
constant field u¥ is transferred to the high-order finite element space using the prolongation operator P,
i.e. ul = PulY. The conservation properties of the transfer operators (Theorem (1)) and the accuracy of the
prolongation operator (Theorem [2)) guarantee that the solution u® in the high-order finite element space
will have accuracy O(h™in{P+1.a+1}) "and that the total mass will be conserved, [, u}; dz = [, u}y dz.

We numerically verify these properties on the unit square = [0,1]?, with the rotational velocity field
B = (2y—1,1—22)T and periodic boundary conditions. The initial condition is taken to be the sum of two
Gaussian perturbations,

W = e (=200 (e = 1)+ (v = 3)°)) e (-200 ((w+ 1"+ (0= 3)7)).

The high-order initial condition 4% is obtained by interpolating u® at the Gauss—Lobatto nodes of the
high-order space Vg, such that |[u% — u%|l¢ = O(hP™!). We use polynomial degree p = 2, subdivide each
mesh element into 4% subelements (so that V;, has strictly more degrees of freedom than Vi), and use a
fourth-order finite volume method. The equations are integrated in time for one quarter revolution, until
t = w/4. Snapshots of the initial and final solutions are shown in Figure El and convergence results are
displayed in Table 4l We begin with a 10 x 10 Cartesian grid, and refine uniformly four times to compute
the observed rates of convergence. The L? error of the piecewise-constant solution scales as O(h). However,
since a fourth-order finite volume reconstruction is used, the L?-norm difference between the finite volume
solution u} and the L? projection of the exact solution IT, u|;—,/4 scales as O (Rmax{P+Lat1}) = O(h3) (that
is to say, the finite volume cell averages u; provide high-order approximations to the cell averages of the true
solution). This high-order of accuracy is preserved when transferring the finite volume solution back to the
high-order finite element space; we observe O(hP*1) convergence in L? norm of Pul. Additionally, we verify
that the conservation error remains at the level of machine precision for all test cases performed.

5. CONCLUSIONS

In this paper, we introduced solution transfer operators between high-order and low-order finite element
spaces. The operators are defined in a general, abstract context, but particular attention is paid to the case
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Finite volume
time evolution

ufEVL

FI1GURE 7. High-order and conservative solution transfer between a high-order finite element
representation and a finite volume representation. Starting with restricted high-order initial
condition, u? = RuY, a high-order finite volume reconstruction is used to integrate the
advection equation in time u$ — u¥, obtaining a solution which is transferred to the finite
element space using the prolongation operator u = Pu®.

TABLE 4. Convergence results for multi-discretization coupling.

na | Jlu —ullo

Rate ‘ lu — Il ullo

Rate ‘ | Pul — ullo

Rate ‘ |fQ(ug —u%) dx|

10 | 2.12 x 102
20 | 9.12 x 1073
40 | 4.52 x 10—3
80 | 2.26 x 103
160 | 1.13 x 103

1.22
1.01
1.00
1.00

1.14 x 10~ 1
1.60 x 102
1.47 x 103
1.95 x 104
2.40 x 10~3

2.84
3.44
2.92
3.02

1.26 x 10~2
1.58 x 103
1.90 x 10~
2.44 x 1075
3.07 x 10~6

3.00
3.05
2.96
2.99

6.94 x 10~18
8.19 x 10~16
3.68 x 10716
3.33 x 10~16
2.35 x 10~15

of low-order refined spaces, whereby the low-order finite element space is obtained by refining the coarse
elements of the original high-order mesh. The transfer operators are shown to be conservative, constant
preserving, and accurate. In particular, we show that when Gauss—Lobatto nodes are used to define the low-
order refined mesh, the accuracy of the prolongation operator does not degrade as the polynomial degree is
increased. Efficient implementation techniques, including sum factorization and matrix-free preconditioning
are discussed. The theoretical properties, including accuracy and conservation are illustrated with a number

of numerical examples.
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