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1 | INTRODUCTION

Discontinuous Galerkin (DG) formulations® exhibit desirable properties when applied to solve conservation problems,
such as a rigorous mathematical foundation, the ability to use arbitrary orders of basis functions on general unstructured
meshes, and a natural stability property for convective operators.>> About one decade ago, the hybridized discontinu-
ous Galerkin (HDG) method was introduced in Reference 6, which distinguishes itself by several unique features from
other DG methods. First, it provides, for smooth and diffusion dominated problems, approximations of all variables that
converge with the optimal order of p + 1 in the L? norm.” In addition, it enables the computation of new approximate
velocity fields that converge with order p + 2 for p > 1 by means of an inexpensive element by-element postprocessing
procedure.®® Second, it provides a novel and systematic way of imposing different types of boundary conditions.!%!!
Third, the linear systems that arise from the HDG method are equivalent to two different linear systems: a first one that
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couples globally the numerical trace of the solution on element boundaries, thereby leading to a significant reduction in
the degrees of freedom; and a second one that couples at the element level (locally) the conserved quantities and their gra-
dients and, therefore, can be solved in an element-by-element manner.!>13 In light of these benefits, a number of research
efforts have extended the HDG method to a wide variety of initial boundary value problems and PDE systems, see, for
example, References 6-9,11,13-19.

A disadvantage of DG methods in general is the proliferation and increased global coupling of degrees of freedom with
respect to standard continuous finite element methods. One objective of the HDG method has been to improve the com-
putational efficiency of DG schemes and the associated solutions in discontinuous finite element spaces. In particular,
the concept of hybridization based on additional unknowns on element interfaces reduces global coupling and facili-
tates static condensation strategies. For large-scale computations,?>?! however, hybridization alone has often turned out
insufficient to overcome memory and time-to-solution limitations, resulting in ongoing algorithms-centered research.??-2>

Compared to its discontinuous counterpart, the continuous Galerkin (CG) method, that is, the classical finite element
formulation,?®?’ requires a smaller number of unknowns for the same mesh.?® The CG solution can also be accelerated
by means of static condensation, which produces a globally coupled system involving only those degrees of freedom on
the mesh skeleton. Unstructured mesh generators often produce meshes with high vertex valency (number of elements
touching a given vertex). Therefore, CG methods involve rather complex communication patterns in parallel runs on dis-
tributed memory systems, which has a negative impact on scalability.?>3° The HDG method generates a global system for
the approximation on the boundaries of the elements that although larger in rank than the traditional static condensation
system in CG, has significantly smaller bandwidth at moderate polynomial degrees.!>?°

In this paper, we investigate a discretization strategy that combines elements of the continuous and hybridized dis-
continuous approach. Its main idea is to apply the HDG concept not between individual elements, but between larger
macro-elements that can contain a flexible number of finite elements themselves. While in the standard HDG approach,
the structure and properties of the global and local problems are rigidly determined by a given mesh and the polynomial
degree on each element, the macro-element HDG concept enables us to flexibly influence this structure. Due to this flex-
ibility, the proposed macro-element variant offers additional algorithmic possibilities that standard HDG methods do not
offer in the same way. In this paper, we will explore how these possibilities can be leveraged to arrive at a practical and
effective approach to adaptive refinement, domain decomposition and load balancing on modern heterogeneous compute
systems.

It is worthwhile to note that the macro-element HDG concept shares similarities with domain decomposition meth-
ods,3!3* targeted at decomposing a given finite element discretization®>*¢ into subdomain patches. The distinguishing
feature, however, is its algebraic structure in terms of one globally coupled system based on trace variables between
macro-elements and many decoupled systems, one for each macro-element, which gives rise to the unique advantages of
the HDG approach in terms of parallel computing.

Our article is organized as follows: in Section 2, we briefly describe our model problem and fix basic concepts and
notation fundamental for the remainder of the paper. In Section 3, we juxtapose our variant of HDG on macro-elements to
standard HDG discretization and illustrate basic properties in terms of accuracy and computing cost. In Section 4, we dis-
cuss and highlight practical advantages of our discretization strategy in terms of accuracy, adaptive refinement, domain
decomposition and load balancing. In Sections 5 and 6, we thoroughly investigate the computational efficiency and scal-
ability of our macro-element HDG variant in comparison with the standard HDG method, first in terms of theoretical
estimates and then via numerical tests with a parallel implementation.

2 | BACKGROUND AND NOTATION
In the following, we will briefly describe our model problem. We then review some relevant background and fix our

notation in a general setting, which applies both to the standard HDG method on fully discontinous elements as well as
to our variant on macro-elements.

2.1 | Model problem

In this paper, the methods and their numerical properties are illustrated via the stationary linear advection-diffusion
equation in d = 2,3 space dimensions. Let Q C R? be an open set with piecewise smooth boundary dQ = I'p UTy,
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¢ =T'p NIy, and outward unit vector n. Consider a concentration u of a species in an incompressible fluid, modeled by

V-(au)—V - (xkVu)=f in Q, (1a)
u=gp on I'p, (1b)
(au —kVu)-n=gy onIy. (1c)

Here, a € (L®(Q))" denotes a divergence-free advective velocity field, ¥ > 0 is a constant coefficient of diffusion,
f € L¥(Q) is a scalar source term and gp and gy are the prescribed Dirichlet and Neumann boundary data, respectively.

Considering the auxiliary variable ¢ = —Vu, we may rewrite (1) as the following set of first order equations
q+Vu=0 in Q, (2a)
V-(au+kq)=f in Q, (2b)
u=gp onTp, (20)
(au+«kq) - n=gy onIy. (2d)
2.2 | Mesh, mesh skeleton, and trace variables

We briefly fix the notation to describe the broken computational domain. Let 7;, denote a partitioning of domain Q in
a collection of disjoint subdomains {K : UK=Q, Kin K; =0 for K; # KJ} The collection of sub-domain boundaries
will be denoted by 07, = {0K : K € Tj}. The common interface F = dK* N 0K~ shared by adjacent subdomains K* and
K~ in 7}, is called an interior face. The collection of all interior faces is the set 8;, called the “mesh skeleton”. Similarly, a
boundary face is the non-empty intersection 0K N 0Q of a subdomain K € 7, with the boundary 0Q and their collection
is denoted by €. The collection of all faces £ U &7 will be denoted by &

We recall the definition of the jump operator. Let K* and K~ denote adjacent subdomains and n* and n~ the outward
unit normals of Kt and 0K, respectively. Let u* and g* denote the traces of u and q on F from the interior of K*. We
define the jump [ [-] ] of a scalar and vector valued function as

[[un]] :=u'n* +un" on F € &, [[un]] :=un on Fe 8;3, (3a)
q-n on Feég&. (3b)

([g-n)):=q"-n"+q -n" on F € &, [[q-mnl] :

Note that the jump of a scalar function is vector valued, while the jump of a vector valued function is scalar valued.

2.3 | Functional setting and interpolation spaces

We briefly fix the notation to describe the relevant discontinuous test and trial spaces. Let L?(D) denote the space of square
integrable functions on a generic subdomain D C R%. For functions q,v € (LZ(D))d, we denote (q,v), := /, q-v. For
scalar functions, u,w € L*(D), we denote (u, w), := fD uw if D is a d-dimensional subdomain, and (u,w)p := fD uw if D
is of dimension d — 1. We also introduce

W wyy, = ) Wwy, (pM)ar, = D (P Mok (4 )s, = X (A i), )

KeT, KeT, Feg,

for functions u, w defined on 7;, p, 7 on 07, and A, y on &,.

We now introduce the finite dimensional spaces defined on the broken computational domain. Let W(K), V(K) and
M(F) denote spaces of C°-continuous piecewise polynomials of order p > 1, defined on subdomains K € 7 and F € &,
respectively. We define the following discontinuous finite element spaces on 7},

W' i={weL*Q) : wlx € WK) VK € Ty}, (5a)
Vi {ve (LX) : vIg € VK) VKeTh}. (5b)
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On the mesh skeleton, &,, we define a discontinuous finite element space for the trace variable
M":={ueL*&) : ulp € M(F) VFE&,}. (5¢)

We will also need spaces with prescribed Dirichlet and Neumann conditions, M"(g,) = { ueM" : y=P@g,)onT a},
(a = D, N), which are applied by means of an L?-projection: P : L2(T) — L*(T,), PoP = Id.

3 | THE HYBRIDIZED DG METHOD ON MACRO-ELEMENTS

In the following, we will discuss our variant of the HDG method on macro-elements, highlighting its differences to the
standard HDG method that uses fully discontinuous elements. To this end, we will first focus on theory and formulation
aspects and then detail a matrix-free solution methodology for the global problem.

3.1 | The hybridized DG method

We start by reviewing the hybridyzed DG formulation and discuss some of its mathematical properties. Let i, = Dy, + g,
where 9, € M"(0), and g, € M"(gp) is zero for all F € £;. The weak formulation reads: find (g, , un, On) € Vi x Wh x
M"(0) such that

(qh,vh)Th = Un, V- vp)7 + (On, Vi - B)o7, = —(gD, Vi - M)r, Vv, € V', (6a)
- (aup + th,th)Th + ((auy + kqy,) - n,wh>m = (f,wn)s, vwy, € Wh, (6b)
([[(aup + £qp,) - nll, Ay)e, = (&n- An)r, Vi, € M*0). (60)

Here, “the numerical flux” auy, + kq), and the trace @, over dK are suitable approximations of auy, + kq;, and up,
respectively, that satisfy

((aup, + £qy,) - B, wy)ox = ((QUp + Kqy) - B, W)k, (6d)
(lip, vy - MYox = (Up, Vi - Mok (6e)

Following References 7,13, we choose the following relationship for the numerical flux

auy, + kqy, = aip + kqp, + x (Up — dp) N on dK. (6f)

Here 7x is the “local stabilization parameter”, which provides a mechanism to control both the accuracy and stability of
the method. Here, we choose tx = |a - n| + k/I, where [ is a typical length scale of the problem.

This choice for the numerical flux corresponds to the so-called local DG method. Existence and uniqueness of the
stated weak form is shown in”® and proper choices for the stabilization parameter are discussed.

To understand strong versus weak imposition of the constraints, it is useful to transfer the above weak statement into
its residual form. Using Equations (6d) and (6e) and integration by parts, we may restate Equations (6a), (6b), and (6¢) in
residual form for each subdomain K:

(@ + Vun.vy) =0 Yy, € V(K), K € T, (7a)

(V . (auh + th) ,wh)K = (f,wn)g Yw, € W(K), K € Ty, (7b)

([ [(aun +xqy) - nl 1, fp)r =0 Vi, € M(F), F € &, (7¢)
(Uns fin)r = (8Ds fAn)F Vi, € M(F), F €T'p, (7d)

((aup + xqp) - 1, fp)r = (@N, An)F Vi, € M(F), F €T'y. (7e)

If [ [(auh + th) -n] ] is an element of M(F), then (7c) implies that [ [(auh + th) - n] ] = 0 pointwise in all faces
F € &, which means that the normal component of auy, + kg, is continuous across interior faces. Otherwise, continuity
across the normal is satisfied in a weak sense.
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3.2 | Interpolation spaces

The standard HDG method uses fully discontinuous elements, where the spaces W(K), V(K), and M(F) are polynomials.
There are several choices that lead to well posed discrete systems, see Reference 6. We use equal order interpolation spaces
on simplicial elements, where W(K) and V(K) consist of scalar and vector valued polynomials of total degree p on element
K, respectively, and M(F) is a scalar valued space of polynomials of total degree p on face F, that is,

W(K) 1= Py(K), (8a)
VK) := (Py(K))°, (8b)
M(F) := Py(F). (8¢)

Our macro-element variant of the HDG method uses patches of standard C° continuous elements that are discontinuous
only across patch boundaries. Hence, on macro-elements, we use continuous piece-wise polynomials, that is,

WEK) :={weC’K) : w|, €Pyle), Ve €K}, (9a)
VK) = {ve ()" : wl. € (Pe)", veeK}, (9b)
M(F) :={m e C’(F) : ml; € Py, V€ F}. (9¢)

Figures 1 and 2 illustrate the degree-of-freedom structure of standard HDG versus macro-element HDG, respectively.
It is easy to see that the macro-element HDG method contains the standard HDG method as a special case.

The concept of using macro-elements in an HDG context is driven by the idea to arrive at a HDG variant that can
be easily tailored to the available computational resources, both in terms of shared and distributed memory systems. In
addition, the macro-element variant of the HDG method implicitly contains a simple approach to domain decomposition.

Using the relationship for the numerical flux, we may summarize the weak formulation as follows: find Uy =
(@, un) € V' x W and 9, € M"(0) such that

AUy, Vi) + B@n, Vi) = L(V) YV = (W, wy) € VI X W, (10a)
C (U, fin) + D (0, i) = m (1) v, € M"(0), (10b)

where, for any Uy, V, € V" x W" and 9y, i, € M"(0), we have

* (Qh,,uh)

L ah,

(A) Standard HDG (B) Zoom-in local degrees offreedom

FIGURE 1 [Illustration of the degrees of freedom for the standard HDG method with p = 2. The black lines represent the boundaries of
the standard discontinuous elements.
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(A) Macro-element HDG (B) Zoom-in local degrees offreedom

FIGURE 2 [Illustration of the degrees of freedom for the macro-element HDG method with p = 2. The blue lines represent the boundary
of the macro-element patches, while the black lines represent the boundaries of the C°-continuous elements within each macro-element.

AU, Vi) = (qh’vh)rh — (un. V - w7 — (aup + «qy,. VWh)Th +(kq), - 1+ TUR, Wi)or, (10c)
B(On, Vi) = (O, vi - mYor, + ((@ - 0 = 7) Dy, Wh)or,, (10d)

L(Vi) = (f,wn)y, — (8D, Vi - M)r, (10e)

C (Un, fin) = ([ [xq), - n+ zugl 1, fAp)e,, (10f)
D On, in) = ([ [(@ - n—7)0n] 1, fip)e, (10g)

m (fp) = (N> Ap)ry- (10h)

The variational statements in (10) only contain first-order differential operators. Hence, the weak form (10) remains
well defined when C°-continuous interpolation spaces defined on each macro-element are applied. We therefore conclude
that the weak form (10) holds for both the standard as well as the macro-element HDG variants.

We emphasize that the macro-element HDG approach does not impose any assumptions on the structure of the
macro-elements. They can be of any shape or size, including irregular shapes, and are allowed to have varying numbers
of internal elements. In particular, the approach applies can be applied to unstructured meshes, including unstructured
macro-elements and unstructured internal elements. This flexibility enables our method to work with a wide range of
mesh types and geometries. Macro-elements could also be generated through agglomeration of existing finite element
meshes, for example, via graph partitioning algorithms. Our framework can be easily extended to handle higher-order
elements with curved faces.

3.3 | Matrix-free solution of the global part of the linear system of equations
3.3.1 | Matrix equations and solution approach

The weak form in (10) translates naturally to the following system of matrix equations

lﬁ llj m ) m | an
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where u € R? denote degrees of freedom associated with the discretization of the domain into discontinuous sub-domains
(standard elements or macro-elements) and @ € R* denotes a vector with degrees of freedom associated with the dis-
cretization of trace variables associated with the mesh skeleton. The matrices have a special block-structure due to the
discontinuous nature of the approximation spaces and the coupling of patches by means of interface variables. In partic-
ular, matrix A is a block-diagonal matrix, where each block is associated with one macro-element. All block-matrices of
A are invertible.

Using the Schur complement, we can solve the above matrix problem for @ by condensing out the degrees of freedom
u, which leads to

(D-CA™'B)a=R;-CA'R,
Au=R,-Bi

(Solve for interface dofs—global problem), (12a)
(Solve for interior dofs-local problem). (12b)

It is common to solve the global problem with an iterative solver. In a parallel computing environment, this can be
particularly efficient with a matrix-free solution approach.

3.3.2 | Matrix-free solution methodology

We consider the following iterative solution approach to the global problem (12a). We first compute f = R; — CA™'R,,.
We then solve (D — CA™'B) & = f by an iterative solver. Here we utilize the block-structure of the matrices A, B, C, D to
perform all operations locally and in parallel. Let the subscript (e) denote the localization of operations to the (macro)
element level and (f) denote localization of operations to the (macro) element faces. Then, each iteration of the matrix-free
algorithm can be performed for each (macro) element, e, in parallel, in the following four steps

L. X = B)lie),
-1

2. y(e) = A(e)X(e),

3. V) = C(e)Y(e)‘

Step four involves a reduction that requires data associated with the mesh skeleton faces and data from (macro)
elements, and thus requires communication among processors.

4. Wi = Dl — V) — Ve,
where f1 and f2 are the faces associated with the two macro-elements adjacent to face f in the mesh skeleton. For
detailed information on the size of the involved matrices and vectors, we refer to the complexity analysis in Section 5.1.

Remark 1. The inverse of A is applied by computing and storing its LU factorization in-place.

Remark 2. A simple pre-conditioner of the matrix-free method is to apply D(‘ﬂ1 to step four of the matrix-free
algorithm.

Example 1. Consider the two-macro-element mesh depicted in Figure 3, where the vector x accounts for the
primal variable. We are interested in performing one matrix-vector multiplication in the iterative solution of
(12a). The first three steps can be performed as follows

X11 * yu * X11 yu
X12 * Y12 * X12 D1 Y12
X3 | | * al] Y13 * X13 D12 Y13
= , .
X1 * 25 Y21 X21 Doy Y21
X22 * Y22 X22 D22 Y22
X23 * Y23 X23 ‘C’ g Y23
L 1 L oL g JL A




4434 BADRKHANI ET AL.
WILEY

U112

FIGURE 3 Example discretization for a two-macro-element mesh with homogeneous boundary conditions and one macro-element
interface. For simplicity, we use a polynomial approximation of degree p = 1.

Here the horizontal and vertical lines depict the partitioning of the matrices and vectors, possibly
on different processors. Hence, all computations can be performed locally for each macro-element in
the mesh.

The final step, step four, can be performed for each macro-element face in the mesh skeleton. It involves
a reduction and thus requires communication among processors.

Wy N 73] D11 D1
W, * x| |1 D12 |
——
D

Remark 3. Our matrix-free implementation as described above focuses on the global problem. At the
local level, it still uses local matrices. Therefore, in a strict sense, it is not a completely matrix-free
implementation. A matrix-free implementation at the local level can also be achieved, but we expect
that the associated computational gains will not be as evident as the ones at the global level described
here.

3.4 | Additional stabilization for advection-dominated problems

We must expect that for advection-dominated problems, oscillations in the solution that are typical for standard
CO-continuous finite elements, will appear locally within each macro-element, in particular for patches with a large num-
ber of C°-continuous elements. To mitigate these oscillations within macro-elements, we add standard residual-based sta-
bilization within each macro-element, using the streamline-upwind-Petrov Galerkin (SUPG) method.3”*! The modified
bi-linear and linear forms are,

Baupg (U, V) = B(Un, Vi) + D, | P(Wn)taupgV - (@up — xVutp) (132)
eeK /¢
Lupg (Vi) = L(V) + ) [ PWi)Tsupgf (13b)
eeK v €
with
Pwp) = a- Vwy, (13¢)
h
Tsupg = m (COth Pe. + 1/Pee) s (13d)

where Pe, is the element Peclet number.
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4 | PROPERTIES OF THE MACRO-ELEMENT HYBRIDIZED DG METHOD

In the following, we first demonstrate accuracy and convergence of our macro-element variant of the HDG method. We

then discuss and highlight practical advantages of our discretization strategy in terms of adaptive refinement, domain

decomposition and load balancing

41 | Accuracy and convergence

4.1.1 | A benchmark with a customizable internal layer skew to the mesh

Based on our model problem (1), we adopt a benchmark with the following exact solution,

-2 0.4
Uexacr = 0.5 (1 + tanh<y++>> ford = 2, 14)
~0.5
Uexget = 0.5 <1 + tanh(%)) ford = 3, (15)

inspired by the one-dimensional steady-state phase-field solution of the one-dimensional Allen-Cahn problem that fea-
tures a diffuse interface, see, for example, Reference 42 and the references therein. The field solutions (14) and (15)
represent spatially translated and rotated variants, such that an internal layer of varying sharpness develops skew to the
(structured) mesh. In our case, we choose the line 2x — y = 0.4 and the surface x + y + z = 0.5 as the center of the diffuse
internal layer for the two-dimensional case and the three-dimensional case, respectively. The corresponding boundary
conditions can be derived directly from (14) and (15), and the corresponding source terms can be determined by insert-
ing the solutions (14) and (15) in the advection-diffusion equation (1) and solving for f. We emphasize that, provided we
choose the advective velocity field a constant and in the same direction as the internal layer, f is independent of a, as
a-Vu=0.

4.1.2 | Diffusion versus advection dominated settings

The solution regime is determined by the Peclet number, Pe = |a| L/x, where L denotes the characteristic length scale
of the domain Q. In our benchmark, the Peclet number can be modified by choosing different diffusion coefficients x
at a given velocity and length scale. Figure 4A,B plot the exact solutions (14) and (15) on a unit square and a unit cube,
showing a sharp internal layer in the advection dominated regime (Pe > 1).

We first assess our macro-element HDG variant in terms of its ability to achieve optimal rates of convergence. To
this end, we fix k¥ = 0.4 at an advective field of @ = (1,1) in 2D and a = (1, 1, 1) in 3D, both parallel to the internal layer,
arriving at a diffusion-dominated solution. We consider polynomial orders p = 1 to p = 4 and consider meshes as shown
in Figure 5A,B, where we choose the number m of elements along a macro-element edge in each direction to be two.
We note that at this Péclet number, we do not see any instabilities within macro-elements, even when we do not use
stabilization.

In Figures 6A, 7A, and 8A, we plot the error in the L? norm versus the element size under uniform refinement of the
macro-elements for the two-dimensional benchmark and the three-dimensional benchmark, respectively. We observe
that we achieve optimal rates of convergence p + 1 in all cases. We also compute the same examples with the standard
HDG method and plot the resulting convergence curves in Figures 6B, 7B, and 8B. We observe that there is practically no
difference both in terms of error level and convergence rate between the two HDG variants.

In the next step, we illustrate the importance of adding additional stabilization to achieve accurate solutions with
the macro-element HDG method in the advection-dominated setting. To this end, we decrease the diffusion coefficient
to ¥ = 107>, We first plot the solution in Figure 9A, where we use the mesh shown in Figure 5A without additional
stabilization. We observe that overall, the solution is stable for m = 2, but within each macro-element, the solution exhibits
strong oscillatory behavior. These oscillations largely vanish in Figure 9B after adding SUPG stabilization. Over- and
under-shoots are mitigated and poor behavior is limited to a band of macro-elements near the sharp layer. In the remainder
of this paper, SUPG stabilization is used in all results obtained with the macro-element HDG method.
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U= gp:=1 — L' =0.3 p—

Internal layer:
W ar gz ar Z =)

[, down u=gp =20
= =0.2 =

(A) 2D domain (B)3D domain

FIGURE 4 Exact solutions of the advection-diffusion benchmark with a customizable internal layer skew to the mesh (Pe > 1) on a
unit square and a unit cube.

—| h |-—

K/
K3 K3
7~
7
// o4 //
/ /
v 7
7 P4 4 / A
/ / 2 / #

(A) 2D structured mesh. (B) 3D structured mesh.

FIGURE 5 Plotof standard elements (black) and macro-elements (blue).
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FIGURE 7 ||lu, — ul|;> error obtained for the 3D benchmark with k¥ = 0.4 (Pe = 4.3) under uniform refinement.

4.2 | Local adaptive refinement

The standard HDG method provides a simple mechanism for local refinement made possible by its discontinuous
bases and the presence of a trace variable. Elements can be recursively subdivided and a proper choice of trace
space is key in maintaining weak continuity between elements.** This ability of local refinement naturally general-
izes to the macro-element HDG method. Again, the choice of trace space is key in maintaining weak continuity across
macro-element boundaries.

An example of our approach to refinement is depicted in Figure 10. Macro-elements are dyadically refined. The cor-
responding trace variable is refined such that it can locally represent the trace of the refined macro-element variable.
This means that continuity across the normal is maintained exactly. Other options are available, but according to our
computational tests, this choice is in general most accurate and works well in practice.

Local refinement is paramount in problems involving boundary and internal layers. Figure 11 depicts a sequence of
meshes generated to capture an internal layer that arises in the advection dominated setting (Pe = 10'°). To reduce clutter,
we only plot macro-elements. Here we employed an automatic gradient based refinement scheme with meshes of size
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(A) Without SUPG stabilization.

(B) With SUPG stabilization.
FIGURE 9 The macro-element HDG method with and without SUPG stabilization applied in the advection dominated setting

(k = 1075, Pe = 1/2 - 10%).

m = 2 and degree p = 2. We illustrate the corresponding convergence curves for uniform and adaptive refinement and
a solution plot for the finest level 9 in Figure 12A,B, respectively. We observe that local refinement greatly increases the
efficacy of the approach.

4.3 | Domain decomposition and load balancing

When computations need to be run on large distributed-memory systems, it is important to account for variable com-
putational loads across processors and ensure that these loads are as equally sized as possible. Failure to account for
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FIGURE 10 Local refinement of a macro-element and its corresponding trace variable for p = 2 and m = 2.

(A) Level 1. (B) Level 3. (C) Level 5.

FIGURE 11 Sequence of local macro-element refinements for the 2D benchmark in the advection dominated setting (Pe = 10'°).

load imbalances can severely impact performance and limit strong/weak scaling. Improved load balancing results in
significant improvements in runtime and speed-up performance.

To analyze the actual performance, we consider the “load balancing performance factor” (LBF) a measure of the load
balancing efficiency,* which is calculated as the ratio of the average time spent among processors to the maximum time
spent of all processors:

Avg. workload of all proc’s

LBF = .
Max. workload among proc’s

A perfectly balanced scheme results in a factor of 1.0, with less optimal load balancing schemes having ratios smaller than
1.0. There are different definitions in the literature, but almost all are based on average and maximum time spent.
Using the computing set-up and environment to be described in more detail in Section 6.1, we compute our 3D bench-
mark discretized with a total number of elements NE = 196,608. We then collect LBFs for our macro-element variant of
the HDG method, where macro-elements contain two elements along a macro-element edge (m = 2). We first choose lin-
ear basis functions (p = 1), where the global solver faces a system with dof¢b! = 608,256 degrees of freedom. Figure 13
depicts the breakdown of execution time for the case of parallel execution with 8, 16, and 32 processors (all on a single
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FIGURE 14 Load balancing of macro-element HDG on multiple compute nodes, each with 32 processes-time of local (blue) and
global (red) solvers and load balancing factors (LBF) (dof® = 3,440, 640, doff**" = 1,216, 512).

compute node) for the local and global solver. Based on these results, we see excellent load balancing in terms of local
and global computations, with LBFs consistently above 0.9. We also examine how the workload of each processor itself
scales with the number of compute nodes, where we use all 32 processors on each node. To generate sufficient load, we
increase the polynomial degree to p = 2, where the local and global solvers face systems with dof** = 3,440, 640 and
dof¥** = 1,216, 512 degrees of freedom, respectively. The results are shown in Figure 14. We observe a slight effect of
communication between nodes, but still obtain LBFs of around 0.9. For 4 nodes and 128 processors, we observe LBFs
of 0.87 and 0.91 for the local solver and the global solver, respectively. We note that standard HDG (m = 1) yields very
similar qualities in load balancing.

5 | COMPUTATIONAL EFFICIENCY: THEORETICAL ESTIMATES

The key question that remains is whether our macro-element variant of the HDG method is able to deliver competitive
computational performance in terms of computing cost and scalability. In this section, we first investigate this question
via theoretical estimates.

We note that a recent preprint examined this question for a very similar method,* concluding that “the cost of
assembly and solution of the discrete transmission condition in three dimensions remains prohibitively expensive.”
A macro-element HDG approach was therefore discouraged as generally inefficient. We emphasize that our complexity
analysis arrives at different results that also show limitations, but look much more encouraging than what was reported
in Reference 45.

5.1 | Complexity analysis

Recall that d (= 2, 3), denotes the spatial dimension. We assume a structured discretization of the unit cube [0, 1]¢ into
a set of N = d! n? simplicial macro-elements, where n denotes the number of macro-elements in each spatial direction.
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Every macro-element is divided into a set of m¢ simplicial C°-continuous finite elements, where m denotes the number of
elements per macro-element in each spatial direction. We further assume a polynomial basis on each simplicial element
that is of total degree p. In Tables 1 and 2, we summarize the defining quantities and the dependent quantities that we
use in our analysis. We also add Table 3, which specifies the size of the involved matrices and vectors in terms of the total
number of degrees of freedom of a macro-element.

We are interested in comparing the macro-element HDG method (m > 1) with the standard HDG method (m = 1).
We assume, and later verify, that a similar level of accuracy can be attained as long as the total number of elements stays
equal, that is, n - m = constant.

51.1 | Cost of the global solver

The time complexity of the above “global” problem can be easily computed. The matrix-vector product can be localized
to the macro-element level, that is, on macro-element e the matrix-vector product is,

1. X@) = Be)le),
_ -1

2. Yo = A(e)x(e),

3. V) = Ce)Y(e)-

TABLE 1 Defining quantities.

d Spatial dimension (= 2, 3)
n Number of macro-elements along edge of unit cube [0, 1]¢
m Number of elements along a macro-element edge

Element polynomial order

TABLE 2 Dependent quantities.

N =d!n? Total number of macro-elements
My = m¢ Total number of elements per d-dimensional macro-element
Qg = ( m p+d ) Total number of degrees of freedom per d-dimensional macro-element
d

1
V= a(m-p+1) <o (m-p+d)
1
< E(m p+ d)d
D=Ay n+B, d né(n-1) Number of macro-element faces that make up the mesh skeleton (without boundaries). A4

is the number of shared faces within a cube partitioned by simplices, and By is the
number of shared faces between two d-dimensional cubes.

where (A, =1,B,=1,A3=6,B; =2)

d+1 Number of faces of a d-dimensional simplex

(2p+1)¢ Upper estimate of the number of non-empty intersections of C° test and trial functions
within one macro-element.

Upper estimate of sparsity of the matrices.

osparsity 1 for dense arith.

@ (2p+1)?/Qqq) for sparse arith.

TABLE 3 Size of the matrices and vectors involved in steps 1 through 4 as a function of the total number of degrees of freedom per
d-dimensional macro-element.

B A Ce D X(e) A V) )

Q) X Qa-1) Qua) X Qg Qd-1) X Q) Qd-1) X Q1) Qu) Qu) Q-1 Q-1
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The matrix vector multiplications in steps 1 and 3 require at most (9((d+ 1)Qu-1) - Q(d)) operations. An LU
3
(@)

quent steps costs @ ( (2 d)> operations. This means that after the initialization process, one iteration of the solver costs

factorization for A, is computed once, which costs © ( ) operations. Application of the factorization in all subse-

2 .
o ( ‘ d)> operations.

Remark 4. The N = d! n? local problems can be run independently, in parallel!

The final reduction step is performed for each sub-domain in the mesh skeleton. Suppose V1, and Vs;) are the com-
puted vectors associated with the two macro-elements adjacent to face fin the mesh skeleton. Then the reduction step on
macro-element face is,

4. Wi =Dl — Vi) — Vig).

2

The matrix multiplication and subtraction require at most © ( -1

) operations.

Remark 5. The D local problems can be run independently, in parallel!

Remark 6. Communication happens when parts of @ are sent as input to steps 1-3, and when the output of
step 3 is channeled back to perform the reduction in step 4.

5.1.2 | Cost of the local solver

Once the global problem is solved, that is, the interface degrees of freedom @1 are computed, the local solution can be
reconstructed for each macro-element separately, by solving the following problem

A Ue) = Rye) — Be)lie). (16)

2

Again, the computed LU factorization is used, which requires © < @

) operations.

5.2 | Memory estimates

We now summarize estimates of the required memory for the different sub-matrices per macro-element in the mesh and
macro-element face in the mesh skeleton.
1. B and C(: const ™Y (d+1) - Qu-1) - Q) - 8 bytes,

sparsi
2. A =L<e>U<e>2€0nst(§) . o) - 8 bytes,

- 8 bytes.

sparsity 2

3. D(f):COHSt(d_l) Q)

Here, we assume double precision arithmetic. The parameter const?;’f ™Y e (0,1] denotes the fraction of non-zeros of
the associated matrix. Furthermore, we assume that after A ) is computed, its LU factorization is stored in-place, requiring
no additional memory.

The matrices in 1 and 2 are stored for N macro-elements in the mesh, possibly distributed among multiple processors.
The matrix in 3 is stored for each of the D macro-element faces in the mesh skeleton, also distributed among multiple
processors.

Remark 7. For small values of m it is more efficient to use dense linear algebra. However, for higher values
of m, say m > 2, sparse solvers may be more efficient. This will depend both on the sparsity of the matrix A
(which depends on m and p) and the size of the L1 — L2 cache.

5.3 | Comparison with standard HDG

We are interested in the above estimates of operation counts for different m, n such that n - m = const. This case focuses on
the setting where the total number of finite elements are equal, such that comparable accuracy may be expected between
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TABLE 4 Order of operations to initialize one iteration and then perform steps 1 through 4 in every iteration.

Macro-el. HDG Standard HDG
Initialization 7 - p+d* me - ﬁd(p + d)3
Step 1 nlm - p + dy2d-1 m" -7t (p + d)2-!
Step 2 o - p+ dy m’ -7t + d)X
Step 3 nlm - p + dy2d-1 m* -7t (p + d)2-!
Step 4 7l - p+d—1)2-2 m’ -7t (p + d)x-2

macro-element HDG and standard HDG. Let nn, m denote the dimensions of n and m for the macro-element HDG method.
Then we can compare the number of operations in terms of these parameters with respect to the standard HDG method,
m = 1, n = m - n. The results are shown below in Table 4.

The initialization step, in which the LU factorizations are computed, is the most expensive, but is only performed
once and is embarrassingly parallel. The other steps are performed at each iteration of the linear solver. Here step two is
the leading term.

Suppose now that the number of iterations is equal for the standard HDG method and the macro-element HDG
method. In this case, it appears that it is not beneficial to have m > 1. This means that from the perspective of the oper-
ation counts, the macro-element HDG method appears to be less efficient than the standard HDG method. There are,
however, a number of parameters that are not taken into account in this analysis. The standard HDG method requires
more communication between processors, because the number of local problems is far greater, and, typically, the num-
ber of iterations of the global problem is much lower for the macro-element variant that is shown in the Section 6. The
remainder of this paper will study these aspects in the setting of a complete parallel implementation that is run on a
modern heterogeneous compute cluster.

6 | COMPUTATIONAL EFFICIENCY: NUMERICAL TESTS WITH A
PARALLEL IMPLEMENTATION

In the following, we will complement the theoretical estimates reported in the previous section by computing times mea-
sured from numerical tests with a parallel implementation. To this end, we reconsider the three-dimensional benchmark
with an internal layer skew to a (structured) mesh that we introduced in Section 4.1. The geometry and a macro-element
base mesh is shown in Figures 4B and 5B. We choose the diffusion coefficient and the advective field as x = 10~8 and
a = (1,1, 1), respectively, arriving at a Peclet number of Pe > 1. In order to capture the internal layer accurately, we again
employ a gradient based error estimator to generate an adaptive mesh with five levels of refinement. The macro-element
refinement pattern is illustrated in Figure 15 along with solution plots that demonstrate the accurate resolution of the
internal layer.

6.1 | Computational setup and preconditioning methods

Our implementation, written in Julia*, includes the quadrature, element formation and global assembly routines.
For the local solver, we require the assembly of the local matrices, the computation of the local LU factorizations
of Ae), and transferal of local values from the global solution. For m =1 and m = 2, we use dense linear algebra
provided by the package LAPACK', and for m = 4 and m = 8, we use sparse linear algebra, provided by the library
UMFPACK.*

For the global solver, we use GMRES iterative solvers from the open-source library PETSc*. Here, we can employ two
different solution variants. On the one hand, we can choose the matrix-free solution approach as detailed in Section 3.3.
On the other hand, we can choose a matrix-based solution approach that operates on explicitly assembled and stored
coefficient matrices. In both approaches, we left-precondition Equation (12a) by the inverse of the block matrix D. We
emphasize that the matrix D™ is never actually computed. The preconditioner is applied in step four of the matrix-free
algorithm, which computes for each face, f, in the mesh skeleton
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FIGURE 15 Macro-element refinement pattern and corresponding solution for the 3D benchmark.

Wi =g = D (Ve + Vi) - 7)

Here, f1 and f2 denote the faces of the two adjacent macro-elements of face f. Since all blocks D, are positive definite
(irrespective of the choice of 7x) and symmetric, we compute and store its Cholesky factorization in-place. We note that
the right-hand side is adapted in a similar manner. In the following, we call this variant the D! preconditioner for ease
of notation.

We note that for the matrix-based approach, we tested several other preconditioning variants. In particular, we con-
sidered an algebraic additive Schwarz domain decomposition and one level of overlap, ASDD(1),*” where each of the
overlapped sub-problems is approximated with an incomplete LU factorization with zero fill-in, ILU(0). In our experience,
the combination of ASDD(1) and ILU(0) provides a satisfactory balance between communication cost and the number of
GMRES iterations for a variety of flow regimes, accuracy orders and number of processors®**3 for the matrix-based solu-
tion approach. We found, however, that no significant increase in efficiency could be achieved with respect to the D!
preconditioner, which we hence used in all computations in this paper.

Our implementation is ported to the parallel computing environment Lichtenberg II (Phase 1) provided by
the High-Performance Computing Center at the Technical University of Darmstadt, where it was compiled with
GCC (version 9.2.0), Portable Hardware Locality (version 2.7.1) and OpenMPI (version 4.1.2). Our results are
obtained on the cluster system, where we use several compute nodes. Each compute node has two Intel Xeon
Platinum 9242 with 48 cores each at a base clock frequency of 2.3 GHz. Each compute node provides a main
memory up to 384 GB. Further details on the available compute system can be found on the Lichtenberg
webpage$.

6.2 | The matrix-based versus the matrix-free approach for the global solver

We first assess the efficiency of the global solver, comparing the matrix-based approach and the matrix-free approach, see
References 49-52. In the matrix-based approach, the global system (D - CA‘lB) 1t = f must be explicitly formed at the
macro-element level, assembled and stored at the global level, and then solved via an iterative solver. The macro-element
HDG method inherits the advantages of the standard HDG method. Since 1 is defined and single-valued along the ele-
ment faces, the global system matrix (D — CA™'B) is smaller than that of many other DG methods.!!>* Moreover, it
is compact in the sense that only the degrees of freedom between neighboring faces that share the same element are
connected.!
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We consider a discretization of the cube with 124,096 elements with polynomial degrees p = 2 to p = 5 that we com-
pute on 2848 processors. In Table 5, we report the number of degrees of freedom for the global problems in the two
HDG variants considered. In Table 6, we report the time and number of iterations of the GMRES linear solver, with a
drop tolerance of 10e-2. We compare the standard HDG method versus the macro-element HDG method with eight ele-
ments per macro-element (m = 2). In addition, we compare for each HDG variant a matrix-based (MB) approach versus
a matrix-free (MF) approach, where both variants use the D! preconditioner as described above.

We see that in both methods, the computing time required for the global solver increases, when p is increased, which
is expected as the number of degrees of freedom increases and the structure of the global matrix changes. We observe that
for a small number of iterations, the matrix-free approach is significantly more efficient than the matrix-based approach
for both HDG variants. In addition, the increase in computing time is much larger for the matrix-based approach than for
the matrix-free approach. We also see that the matrix-free approach is slightly faster for the macro-element HDG method,
due to the reduction in degrees of freedom and communication across compute nodes compared to the standard HDG
method.

We conduct the same numerical experiments, but with a drop tolerance of 10e-6, and report the results in Table 7.
We observe that when we decrease the drop tolerance for the GMRES linear solver, that is, we increase the solution

TABLE 5 Number of degrees of freedom (dof) in the global and the local problems referred to in Tables 6 and 7.

p=2 p=3 p=4 P=5

m=1 m=2 m=1 m=2 m=1 m=2 m=1 m=2
dof®'° 1,517,376 483,000 2,528,960 901,600 3,793,440 1,449,000 5,310,816 2,125,200
dof (total) 4,963,840 2,171,680 9,927,680 5,212,032 17,373,440 10,237,920 27,797,504 17,745,728
dof® (per macro-el.) 40 140 80 336 140 660 224 1144

TABLE 6 Global solver: time and number of iterations of a GMRES solver (with drop tolerance 10~?) and D! preconditioner.

Time global solver (s) Number of iterations
Standard HDG Macro-el. HDG (m = 2) Standard HDG Macro-el. HDG (m = 2)
MB MF MB MF MB MF MB MF

p=2 0.94 0.05 0.75 0.01 12 12 10 10

p=3 1.26 0.10 1.32 0.03 11 11 9 9

p=4 3.23 0.18 4.19 0.08 11 11 9 9

p=>5 4.31 0.22 13.00 0.14 10 10 9 9

Note: We compare standard HDG vs. macro-element HDG and matrix-based (MB) versus matrix-free (MF) approaches for different p (N"" = 124,096,
Proc’'s = 2,848).

TABLE 7 Global solver: time and number of iterations of a GMRES solver (with drop tolerance 10~%) and D! preconditioner.

Time global solver (s) Number of iterations
Standard HDG Macro-el. HDG (m = 2) Standard HDG Macro-el. HDG (m = 2)
MB MF MB MF MB MF MB MF

p=2 1.95 3.04 1.09 0.92 1259 1259 939 939

p=3 4.05 8.23 3.98 3.26 1735 1741 1304 1304

p=4 11.74 15.26 9.75 8.98 1829 1830 1259 1258

p=>5 40.53 58.37 24.73 23.69 4717 4766 1417 1419

Note: We compare standard HDG versus macro-element HDG and matrix-based (MB) versus matrix-free (MF) approaches for different p, (N?™ = 124,096,
Proc’s = 2848).
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accuracy of the linear system, the matrix-based approach becomes competitive. The reason lies in the significant increase
in iterations required for the smaller drop tolerance. While the matrix-based approach requires a large initial cost for
building the matrix that does not exist in the matrix-free approach, each iteration of the matrix-free approach is more
expensive due to the larger number of matrix-vector products. The more iterations we require, the less important the
initial cost becomes. As we use the same preconditioner, the number of iterations in the matrix-based and matrix-free
approaches are practically the same. Comparing the standard HDG and macro-element HDG variants, we observe that
the advantage of the latter in terms of shorter computing time and fewer iterations (and hence improved conditioning)
for the global solver becomes more pronounced with larger system sizes, due to the reduction in degrees of freedom and
communication across compute nodes.

Another important aspect to be observed is that the relative advantage of the macro-element variant versus the stan-
dard HDG method becomes particularly apparent for moderate polynomial degrees such as quadratics and cubics. We see
in Table 7 that for p = 2, the matrix-free macro-element HDG method is more than three times faster than the matrix-free
standard HDG method, while for p = 5, this ratio is down to about two times, although for the latter, standard HDG
requires more than three times the number of iterations in the global solver. It can therefore be expected that for larger
system sizes that are discretized with elements of moderate polynomial degrees, the advantage of macro-element HDG
over standard HDG will be largest. Based on this observation, we will focus on quadratic elements in the remainder of
this study.

6.3 | Overall system size: Computing time for global versus local operations

In the next step, we compare the runtime performance of the standard HDG method and macro-element HDG method
with mesh refinement, based on the computing time for the local operations (local solver plus step 2 of the matrix-free
global solver) and the time for the global operations (remaining steps of the matrix-free global solver), as well as the
number of GMRES iterations. Based on our observation in the previous sub-section that the macro-element HDG method
is efficient for moderate polynomial degrees, we fix the polynomial order at p = 2 and use a fixed number of 512 processors.

Table 8 reports the number of degrees of freedom for a sequence of meshes generated by globally refining an initial
mesh with an adaptively refined structure according to Figure 15. Both HDG variants use the same meshes, where the
standard HDG method assumes fully discontinuous elements (m = 1) and the macro-element HDG method combines
groups of eight tetrahedral elements (m = 2) or 64 tetrahedral elements (m = 4) into one C° continuous macro-element.
We observe that the macro-element HDG variant, with increasing m, significantly reduces the total amount of degrees of
freedom in both the local and global problems. In particular, it reduces the number of degrees of freedom of the global
system by about one order of magnitude.

In Table 9, we can observe that the reduction of the size of the global solver translates into a significant reduction
in computing time for a given mesh. An important component is also the improved conditioning of the smaller system,
which results in a significant reduction in the required number of iterations of the GMRES solver. For the largest mesh
with 992,768 elements, the time for the global operations in the macro-element HDG method with m = 4 is about one
order of magnitude smaller than the one of the standard HDG method, in part due to the reduction of the number of
iterations from 8392 to just 3304. Moreover, we observe that for m = 4, local and global operations require the same order
of magnitude in terms of time. Hence, we conclude that the macro-element HDG method, due to its flexibility in changing
the computational load required per macro-element, can achieve a balance between local and global operations.

TABLE 8 Overall problem size: We compare standard HDG (m = 1) versus macro-element HDG (m = 2,4) in terms of degrees of
freedom (dof) for different N¥ (all with p = 2).

m=1 m=2 m=4

d ot{oml d oﬁlubal d ot{ocal d oiglnbal d otlncal d ofglobal
NEm = 45504 1,820,160 560,448 796,320 179,640 469,260 70,740
NEIm = 124,096 4,963,840 1,517,376 2,171,680 483,000 1,279,740 187,740
NEIm — 364,032 14,561,280 4,425,984 6,370,560 1,401,120 3,754,080 538,920

NEm = 992,768 39,710,720 12,026,112 17,373,440 3,793,440 10,237,920 1,449,000
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TABLE 9 Time for global versus local operations: We compare the time for the local solver and the local part of the matrix-free global
solver (step 2) versus the time for the remaining parts of the global solver (GMRES drop tolerance 107°).

Time local op’s (s) Time global op’s (s) Number of iterations

m=1 m=2 m=4 m=1 m=2 m=4 m=1 m=2 m=4
NEIm = 45,504 0.4 0.1 0.2 4.8 1.0 0.8 1970 1066 551
NEI™ — 124,096 24 0.5 1.0 23.4 2.6 2.2 3118 1231 1048
NEIm = 364,544 11.1 2.2 3.9 101.6 10.0 5.7 5036 1673 1412
NEIm =992 768 46.2 26.0 24.3 433.4 120.5 36.2 8392 7526 3304

Note: We use standard HDG (m = 1) versus macro-element HDG (m = 2, 4) (all with p = 2, D! preconditioner, Proc’s = 512).

TABLE 10 Macro-element size: Number of degrees of freedom (dof) of the global problem and number of iterations of the GMRES
solver for increasing m.

dofslobal Number of iterations

m=2 m=4 m=38 m=2 m=4 m=38
NEIm = 24 576 97,920 38,880 18,360 999 648 297
NEIm — 196,608 760,320 293,760 132,192 2,256 1,101 764
NEm = 1,572,864 5,990,400 2,280,960 998,784 3000* 2990 1885

*Denotes that GMRES did not converge in the given number of iterations.

6.4 | Macro-element size: Computing time for global versus local operations

In the next step, we focus on the macro-element HDG, investigating the effect of different macro-element sizes and its
ability to flexibly balance local versus global operations. To this end, instead of keeping the number of processors fixed,
we now switch to a variable number of processors, but keep the ratio of the number of macro-elements to the number
of processors fixed at one (macro-elements / proc’s = 1). Based on our observation that the macro-element HDG method
is efficient for moderate polynomial degrees, we again fix the polynomial order at p = 2. Table 10 reports the number of
degrees of freedom for a sequence of meshes generated by globally refining the initial mesh with an adaptively refined
structure according to Figure 15, where the macro-element HDG method combines patches of eight tetrahedral elements
(m = 2), 64 tetrahedral elements (m = 4) and 512 tetrahedral elements (m = 8) into one C° continuous macro-element.
We observe again that with increasing m, the total amount of degrees of freedom is significantly reduced. The smaller
system size of the global problem and its improved conditioning leads in turn to a significant reduction in the required
number of GMRES iterations.

Table 11 reports the computing time for the local operations (local solver plus step 2 of the matrix-free global solver)
and the time for the global operations (remaining steps of the matrix-free global solver) with increasing macro-element
size m. We observe that the time for the local versus global operations can be flexibly tuned by adjusting m and hence
the computational load local to each macro-element. In our study, a macro-element size if m = 4 achieves the best results
for the two coarser meshes, while m = 8 clearly wins for the finest mesh. This observation indicates that for very large
systems, larger macro-elements are preferable to balance local and global operations and achieve the fastest computing
times for the overall problem.

6.5 | Parallel scalability of the global and local solvers

While the computing time and iteration counts reported so far provide an estimate of how well the macro-element
HDG method performs with respect to the macro-element structure, the element size and the polynomial degree,
it does not directly cover another decisive metric for evaluating the performance of a solver, namely parallel scal-
ability.>* We now examine the strong scalability of both the local solver and the global solver, where we use a
direct linear solver based on LU factorization and a matrix-free approach with a GMRES linear solver and the D™
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TABLE 11 Time for global versus local operations: We compare the time for the local solver and the local part of the matrix-free global
solver (step 2) versus the time for the remaining parts of the global solver (GMRES drop tolerance 107°).

Time local operations (s) Time global operations (s)

m=2 m=4 m=8 m=2 m=4 m=3§8
NEIm — 24,576 0.9 1.3 2.7 2.2 1.2 0.7
NEm — 196,608 2.1 2.2 5.5 7.8 2.6 2.2
NEIm = 1,572,864 2.9 6.6 11.3 28.5% 219 14.8

Note: We use macro-element HDG with different m (with p = 2, D™ preconditioner, macro-elements / proc’s = 1).
“Denotes that GMRES did not converge in 3000 iterations.

1 1 1 1 1 1
48 96 192 384 768 1.5k 3k 48 96 192 384 768 1.5k 3k

Number of processors Number of processors
(A) Scaling oflocal solver. (B) Scaling of global solver.

FIGURE 16 Strong scaling of the local solver and global the solver for standard HDG (m = 1) vs. macro-element HDG (m = 2,4)
(NFm = 637,888 with p = 2).

preconditioner, respectively. We run our scalability study with the following number of processors-48, 96, 192, 384, 768,
1536, and 3072. We use the same adaptive tetrahedral mesh with 637,888 elements. The macro-element HDG method
uses macro-elements that are formed by grouping together eight and 64 elements (m = 2,4), while the standard HDG
method uses standard discontinuous elements (m = 1). The resulting degrees of freedom amount to about 26, eleven and
seven million local unknowns, and eight, two and 0.9 million global unknowns for m = 1, 2, 4, respectively. Regarding the
local/global scalability, we report the speed-up ratio with respect to the base-line computing time that we obtained with
48 processors.

Figure 16 plots the strong parallel scaling of the standard HDG method (m = 1) and the macro-element HDG method
with m = 2 and m = 4. We observe in Figure 16A that the computing time of the local solver is perfectly scalable in a
strong sense for both HDG variants. For the global solver, however, we see in Figure 16b that the macro-element HDG
method improves strong scalability compared to the standard HDG method. While the parallel efficiency of the standard
HDG method drops below 80% on just 96 processors, the macro-element HDG method with m = 4 maintains almost
perfect parallel efficiency up to 763 processors. On the one hand, this can be attributed to the larger communication time
in the global solver of the standard HDG method.'*>** On the other hand, the macro-element HDG method profits from
a larger ratio of local operations (step 2) in the matrix-free global solver of the macro-element HDG method and a larger
bandwidth of the local and global matrices.
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7 | SUMMARY AND CONCLUSIONS

In this paper, we investigated a macro-element variant of the hybridized discontinuous Galerkin (HDG) method that
combines elements of the continuous and hybridized discontinuous finite element discretization. We demonstrated a
number of important practical advantages. First, due to the use of continuous elements within macro-elements, the
macro-element HDG method mitigates the proliferation of degrees of freedom of standard HDG methods by significantly
reducing the number of degrees of freedom with respect to a given mesh. Second, it preserves the unique domain decom-
position mechanism of the HDG method that divides the overall problem into local problems per macro-element and
a global problem. In particular, it offers additional flexibility in terms of tailoring the macro-element discretization and
the associated local problem size to the available compute system and its parallel architecture. Third, it offers a direct
approach to adaptive local refinement, as the macro-element mesh naturally accommodates hanging nodes, which allows
uniform simplicial subdivision. Fourth, by employing the same continuous discretization for all macro-elements (possibly
at different refinement levels), all local operations are embarrassingly parallel and automatically balanced, which makes
re-course to load balancing procedures outside of the numerical method unnecessary. In this sense, the macro-element
HDG method is particularly well suited for a matrix-free solution approach that consists to a large extent of macro-element
local operations.

As for computational efficiency, we showed via theoretical estimates that-under the assumption that both variants
operate on the same mesh and require a comparable number of iterations for the global solver-the macro-element
HDG method appears to be computationally less efficient than the standard HDG method. Theoretical estimates, how-
ever, cannot take into account two important parameters, namely that the macro-element HDG variant requires less
communication between processors and reduces the number of iterations of the global solver.

To include these parameters, we compared the macro-element HDG method and the standard HDG method via
a parallel implementation in Julia that we ported on a modern heterogeneous compute system (Lichtenberg II Phase
1 at the Technical University of Darmstadt, at position 187 in the TOP500 list 11/2022). We demonstrated that the
matrix-free approach for the global solver is more efficient in the macro-element HDG method, benefitting from the reduc-
tion in degrees of freedom and communication across compute nodes. We also showed that unlike standard HDG, the
macro-element HDG method is efficient for moderate polynomial degrees such as quadratics and cubics, as it is possible
to increase the local computational load per macro-element irrespective to the polynomial degree. In terms of overall com-
puting times for practical meshes with up to one million higher-order elements, we showed that due to the reduction in
degrees of freedom, and in particular the reduction of the global problem size and the number of iterations for its solution,
the macro-element HDG method can achieve a balance of local and global operations, and-in the situations considered
here-deliver faster computing times than the standard HDG method, in the range of up to one order of magnitude. We
also showed that the local solver in both variants scales almost perfectly. For the global solver, the macro-element HDG
method shows clear advantages in terms of strong scalability, due to the reduction in communication and the favorable
ratio in local versus global operations.

It remains to be seen how well these properties demonstrated here for the advection-diffusion model transfer to
more challenging problems. We plan to investigate this question in the future by applying the macro-element HDG
method for the direct numerical simulation of turbulent flows modeled via the Navier-Stokes equations. One aspect
that deserves further investigations is the choice of the preconditioner, as the effectiveness of the inverse of the matrix
D that we used in this paper leaves room for improvement. Another promising avenue of future research is to vary
the discretization within each macro-element. One idea is to consider DG approximations (i.e., LDG-type methods) at
the macro-element level instead of CG approximations, which could help guarantee superconvergence and avoid SUPG
stabilization.
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ENDNOTES

*The Julia Programming Language, https://julialang.org/.

Linear Algebra PACKage, https://netlib.org/lapack/.

*Portable, extensible toolkit for scientific computation, https://petsc.org/.
Shttps://www.hhlr.tu-darmstadt.de.
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