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RECOVERED FINITE ELEMENT METHODS ON POLYGONAL AND
POLYHEDRAL MESHES

ZHAONAN DoNG!, EMMANUIL H. GEORGOULIS?>® AND TRISTAN PRYER**

Abstract. Recovered Finite Element Methods (R-FEM) have been recently introduced in Georgoulis
and Pryer [Comput. Methods Appl. Mech. Eng. 332 (2018) 303—-324]. for meshes consisting of simplicial
and/or box-type elements. Here, utilising the flexibility of the R-FEM framework, we extend their
definition to polygonal and polyhedral meshes in two and three spatial dimensions, respectively. An
attractive feature of this framework is its ability to produce arbitrary order polynomial conforming
discretizations, yet involving only as many degrees of freedom as discontinuous Galerkin methods over
general polygonal/polyhedral meshes with potentially many faces per element. A priori error bounds
are shown for general linear, possibly degenerate, second order advection-diffusion-reaction boundary
value problems. A series of numerical experiments highlight the good practical performance of the
proposed numerical framework.
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1. INTRODUCTION

In recent years, we have witnessed considerable interest in the construction of Galerkin-type numerical meth-
ods over meshes consisting of general polygons in two dimensions or general polyhedra in three dimensions,
henceforth termed collectively as polytopic, as opposed to the classical Galerkin methods employing simplicial
and/or box-type meshes. This interest is motivated by the expectation that such generality of meshes can
yield minimally invasive numerical coarse-graining, by representing exactly complicated geometries with fewer
numerical degrees of freedom, compared to standard methods, and also for their potential use within adap-
tive algorithms involving both coarsening and refinement. The latter is particularly pertinent in the context of
adaptive computations for evolution PDE problems, where dynamic mesh modification is widely accepted as
a promising tool for the reduction of computational complexity in both Eulerian and Lagrangian contexts.
Galerkin procedures over polytopic meshes have been also proposed in the context of interface problems
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(porosity profiles, interfaces, etc.), as well as a flexible method for coarse-scale correction computations in
multilevel solvers for elliptic boundary-value problems.

Popular polytopic methods include the virtual element method [3,14], which is itself an evolution of the
so-called mimetic finite difference methods [4], polygonal finite element methods [41], BEM-based FEMs [39],
composite finite element methods [28,37] and various discontinuous Galerkin (dG) approaches, ranging from
one-field interior penalty dG methods [10-12,20], to hybridized formulations [18,19,21,33] and discontinuous
Petrov—Galerkin schemes [1]. Interior penalty DG methods (and related one-field formulations) allow for the
control of the number the global numerical degrees of freedom independently of the mesh topology (i.e., the
connectivity of the nodes/faces/elements), whereas polygonal finite elements, virtual element methods and
hybridized formulations are defined on local approximation spaces whose dimension depends on the number of
faces/vertices for each polytopic element.

In this work, motivated by the recent recovered finite element framework presented in [24], we construct
conforming discretizations over polytopic meshes whose set of degrees of freedom is independent of the number
of vertices/edges/faces of each element. The proposed family of methods, termed collectively as recovered finite
element methods (R-FEMs) depends, instead, on the choice of a sub-triangulation of the polytopic meshes. Cru-
cially, however, the computational complexity of the method is independent of the cardinality of the simplices in
the sub-triangulation: R-FEM on polytopic meshes combines completely discontinuous local polynomial spaces,
resulting, nonetheless, to conforming approximations.

To fix ideas, let us consider an elliptic boundary value problem with homogeneous Dirichlet boundary condi-
tions. Let £ : Vj, — Vi, N H () an operator mapping a discontinuous element-wise polynomial space V}, over a
polytopic mesh onto a space of continuous piecewise polynomial space Vh N HE(Q) over a, generally speaking,
finer simplicial mesh arising from a sub-triangulation of the polytopic mesh; such recovery operators £ can
be constructed locally, e.g., by (weighted) averaging of the nodal degrees of freedom [16,32,43]. We can now
consider the method: find uy, € V4, such that

/ VE (up) - VE (vp) dz + s (up, vp) = / fE (vp)dx, forall v, €V,
Q Q

for f € H=1(Q) and a suitable stabilization s(-,-) : Vj, x V}, — R, whose functionality is the treatment of the
kernel {0 # v, € V}, : € (v,) = 0} to achieve unisolvence. Notice that the method produces both a conforming
approximation & (uy) along with the non-conforming uy,, in spite of using element-wise discontinuous polynomial
trial and test space V. In the limit case of the above R-FEM posed on a simplicial mesh (rather than a general
polytopic one), £ (up,) corresponds to the classical conforming FEM approximations for certain choices of &£; we
refer to [24] for details. Therefore, in this sense, R-FEM is an extension of classical finite element methods to
polytopic meshes. An interesting property of the proposed method is that the user has access to the computed
approximate solution at every point in the computational domain. This may be of practical interest both in
the context of further post-processing and in the visualisation of the computation on standard widely available
software.

As we shall see below, although sharing the same nominal complexity, R-FEMs introduced in this work
will require more restrictive assumptions on the polytopic meshes for the respective error analysis to hold,
compared to the current level of development of interior penalty DG methods on polytopic meshes [10-12].
Nonetheless, the R-FEM framework is envisaged to allow for a number of potentially attractive attributes
compared to DG methods in designing compatible discretizations, preserving certain properties of the respective
exact solutions at the discrete level. This is, precisely, due to the fact that, in R-FEMs, the conforming discrete
solution & (V},) is subordinate to the variational structure of the original PDE and, therefore, imitate (or even
retain) various properties of the exact problem. Such compatibility considerations are particularly pertinent
in nonlinear PDE problems or systems, requiring, e.g., monotonicity, positivity preservation, etc. At the same
time, since {0 # v, € Vi, : € (v,) = 0} is allowed to be non-trivial by construction, R-FEM offers significant
flexibility by naturally separating the conformity-compatibility requirements of each problem, embedded into
the choice of recovery operators, from the approximation properties of the local finite element spaces, thus



RECOVERED FINITE ELEMENT METHODS 1311

allowing for optimal approximation in very general numerical degrees of freedom scenarios, e.g., various types
of numerical degrees of freedom (nodal, modal, moments, etc.) for different elements in the same mesh. This
can be, for instance, of interest in the consistent treatment of bulk/interface variational problems. Moreover,
the uncoupling of conformity/compatibility from the local approximation space dimensions, can allow for new
stable pairs for mixed R-FEM formulations; this will be discussed in detail in [2].

As a first step towards this programme, in the present work we restrict the discussion to linear PDEs with
non-negative characteristic form, aiming to study the basic principles of construction of R-FEMs for polytopic
meshes, firstly in an abstract coercive setting and secondly in for an example of an R-FEM requiring the proof
of a discrete inf-sup condition for stability. As such, we leave the design of property/compatibility-preserving
R-FEMs for particular nonlinear problems as a future challenge.

The remainder of this work is structured as follows. In Section 2, we introduce the problem and define a set
of polytopic meshes. In Section 3, we introduce the FEM spaces and the recovery operators. Section 4 presents
the concepts and ideas for designing R-FEM. In Section 5, we define the R-FEM for the model problem. The
a priori error analysis for R-FEM is presented in Section 6. Finally, the practical performance of the proposed
R-FEM is tested through a series of numerical examples in Section 7.

2. MODEL PROBLEM

Throughout this work we denote the standard Lebesgue spaces by LP(w), 1 < p < 0o, w C R%, d = 2,3,
with corresponding norms || - ||£»(.); the norm of L?(w) will be denoted by |-, for brevity. Let also W*?(w)
and H*(w) := W*2(), be the Banach and Hilbertian Sobolev space of index s € R of real-valued functions
defined on w C R%, respectively, constructed via standard interpolation and/or duality procedures for s ¢ Ng.
For H*(w), we denote the corresponding norm and seminorm by |[|-[|, , and |- |5 ., respectively. We also denote
by H}(w) the space of functions in H!(w) with vanishing trace on dw.

Let Q be a bounded open polygonal domain in R%, d € N, with 09 denoting its boundary. We consider
advection-diffusion-reaction problem

Lu=—-V-(aVu)+b-Vu+cu=f in €, (2.1)
where f € L?(Q), b € [Wl’OO(Q)]d, ¢ € L*=(), for some definite diffusion tensor a € [L>°(Q)]**? satisfying
¢Ta(xz)¢ >0, forall ¢eR% (2.2)

for almost every x € (). This class of problem is often termed PDEs with non-negative characteristic form [35]
and includes elliptic, parabolic, first order hyperbolic as well as other non-standard types of PDEs, such as
ultra-parabolic and various classes of linear degenerate equations. In particular, the important family of linear
Kolmogorov—Fokker—Planck equations are of the form (2.1).

To prescribe suitable boundary conditions, we begin by splitting 02 into

Ly :={zecd: n? (z)a(z)n(z) > 0},

and
Iy = {2z € 9Q : n" (z)a(z)n(z) = 0},

with n(z) denoting the unit outward normal vector to Q at = € 99; the latter is further subdivided into inflow
I'_:={z €Tl :b(z) n(z) <0},

and outflow I'y :=T'1\I'_ parts of the boundary. The “elliptic” part of the boundary I'y, is subdivided into I'p
and I'y, on which we can prescribe Dirichlet and Neumann boundary conditions, respectively. For simplicity,
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we assume that [I'p| > 0, with | - | denoting the Hausdorff measure with the dimension of its argument, and
that b(x) - n(x) > 0 for almost all € T'y. To complete the problem, we impose the boundary conditions:

u=gp, on I'puUul_, (2.3)
(aVu)-n =gy, on Iy, )

for some known gy, € L?(99Q) and gy € H'/2(99). For convenience, we also define the set
I'p:={z€9Q:b(z) n(zx) <0},

i.e., the inflow part of the boundary including also, possibly, points of I'p. Similarly, we define I‘g = 0O\I',.
Additionally, we assume that the following positivity hypothesis holds: there exists a positive constant 7y such
that

co(z) = c(z) — %V ‘b(z) >y ae x€. (2.4)

The well-posedness of the boundary value problem (2.1), (2.3) has been studied in [29].

3. FINITE ELEMENT SPACES AND RECOVERY OPERATORS

Let 7 be a subdivision of €2 into disjoint polygonal elements for d = 2 or to disjoint polyhedral elements
for d = 3; henceforth, these will be collectively referred to as polytopic elements. For simplicity, we assume
that the subdivision 7 can be further subdivided into a conforming (i.e., no hanging nodes) and shape-regular
simplicial triangulation 7 (see e.g., [15], p. 124), that Q = UpesT. Such a setting can be constructed, e.g., by
agglomerating simplicial elements into polytopic ones.

By T" we shall denote the union of all (d—1)-dimensional faces associated with the subdivision 7 including the
boundary. Further, we set I'yy, := I'\O2. Correspondingly, we define [ and [y for 7. Note that, by construction,
I € T and Dipg C T,

For a nonnegative integer r, we denote the set of all polynomials of total degree at most r by P.(T). For
r > 1, we consider the finite element space

Vi={velL*Q):vreP(T),TeT}. (3.1)

We stress that V) is element-wise discontinuous polynomial with respect to the polytopic mesh 7'; in this context,
the dimension of V;| coincides with the dimension of discontinuous Galerkin finite element spaces on polytopic
meshes, cf., [10,11,13]. In particular, the dimension of V;" is not dependent on the number of vertices of the
mesh 7. Correspondingly, we define

V= {v € L*(Q) :vlr € P(T), T € %},

the respective discontinuous polynomial space on the sub-triangulation 7. Note that Vi C 17}: . Moreover, we
define the broken Sobolev space H!(Q,7) with respect to the subdivision 7 as follows:
H' (Q,T):={ueLl*Q):ulr e H(T), T€T}.

Further, let T, T~ € 7 be two (generic) elements sharing a facet e := 9T+ N T~ C Ty with respective
outward normal unit vectors n* and n~ on e. For a function v :  — R that may be discontinuous across I'iy,
we set v = v|.cor+, v = v|ccar-, and we define the jump and average by

(o + o)

N =

[v] =vnt +v n” and {v}:=
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if e € 9T NI, we set [v] := vTn. Also, we define hy := diam(T) and we set h : Q\I' — R, with h|y = hp,
T eT,eC Ty and h|. = hp for e C 9T N ON. Similarly, we set h for the meshsize function of 7. Throughout
this work, we assume that the families of meshes are locally quasi-uniform and that there exists constant ca > 1,
independent of the meshsizes such that

cxth <h < cah,

uniformly as h — 0. Moreover, for the restriction of a function v on an element T' € T, v|r : T — R, which may
be discontinuous across 0T, we shall use the notational convention that v*|sr signifies the trace from within
T while v~ |sr signifies the trace from within Q\7T'. Using this convention we also define the signed jump (also
known as upwind jump in the discontinuous Galerkin literature) on each face e by

LUJ |e = 'U+‘e - U_|e§

note that | [v]| = ||v]]-
Also, we shall denote by 0_T and by 0,7 the inflow and outflow parts of the boundary of an element T,
defined as
O_T:={x€dT:b(x) n(x) <0} and 0,7 :={x € dT :b(z) n(z)> 0},

respectively.
For the definition of the proposed method, we shall require a recovery operator of the form

E Vi VNV, (3.2)

for some non-negative integer r, mapping element-wise discontinuous functions into functions in the solution
space for the boundary value problem V', for some r € Ny. When the diffusion tensor « is strictly positive
definite (i.e., when (2.2) holds with strict inequality) we may take V = H'(Q).

Recovery operators of the form (3.2) have appeared in various settings in the theory of finite element methods,
e.g., [6,16,25,32,36,40]. They are typically used to recover a “conforming” function from a “non-conforming”
one, often under minimal regularity requirements.

A popular and very practical example for £ is the nodal averaging operator for which the following celebrated
stability result was proven by Karakashian and Pascal in [32].

Lemma 3.1. Let T a polytopic mesh and T its related sub-triangulation satisfying the above assumptions.

Denoting by N the set of all Lagrange nodes of ‘~/h’ N HY(Q), the operator &, : V" — V;r N HY(Q) is defined by:

E0)0) = T 3 vlr(o)

Tew,

with wy, == Ureg.,er s the set of elements sharing the node v € N and |w,| their cardinality. Then, the
following bound holds

S o & )R < Ca 07270 o]

Tin
TeT ©

: (3.3)

with o € Ny, C|q = Cjo)(r) > 0 a constant independent of h, v and ’?, but depending on the shape-regularity of
7~', on ca, and on the polynomial degree r.
Proof. See Karakashian and Pascal [32]. O

2
The bound (3.3) shows, in particular, that Hh_1/2 [v]

is a norm on the orthogonal complement W; of
Tine

V7 N HY(Q) in V" with respect to the standard H'-inner product.
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It is possible to make a number of different choices
E: Vi VNV, (3.4)

for instance, for ‘7; say a non-conforming finite element space, e.g., Crouzeix—Raviart elements and s may be
in general different to r. Indeed, various choices of £ may give rise to different methods. As the present work
focuses on the development of conforming methods on polytopic meshes, we prefer to keep the presentation
simple and consider recovery operators into conforming element-wise polynomials of the same order (r = s)
but, crucially, posed on different meshes. For an investigation of the case r # s on standard element shapes, we
refer to [24].

Remark 3.2. The proposed R-FEM scheme depends on the recovery operator which maps piecewise discon-
tinuous polynomials defined on the polytopic elements to the conforming piecewise polynomials defined on the
simplicial sub-meshes. The current mesh assumptions on the existence of a shape-regular sub-triangulation are
necessitated to assert the validity of the recovery stability result Lemma 3.1. It would be an important direction
of future research to investigate different stabilization terms, which give rise to norms in the recovery kernel
(other than the standard jump penalty) that, in turn, will allow for small faces to be incorporated in the theory,
to allow for mesh generality in the lines of other polytopic Galerkin methods, e.g., [5,7,10-12]. Nevertheless,
R-FEM works for very general polytopic meshes: in Section 7, we test the convergence of R-FEM for a numerical
example (Example 5) on meshes designed by agglomerating much finer triangular meshes, resulting to many
small faces per element.

For the error analysis below, we require an extension of the domain of definition of the recovery operator to
E:VI VN 17,;5 ;

for instance, in the case of the averaging operator of Lemma 3.1 the extension is trivial and is given by the same
formula.

4. DESIGN CONCEPTS FOR RECOVERED FINITE ELEMENT METHODS

Equipped with a finite element space framework and the concept of recovery operators, we can now describe
some general principles in the design of recovered finite element methods on polytopic meshes.

To this end, we consider a generic conformlng Galerkin finite element method for the problem (2.1), (2.3),
which is applicable on a simplicial mesh, say ’T with respective finite element space Vh C V, reading: find
up, € Vh, such that B

ap (ﬂh, Eh) =/, (Eh) , forall vy, € Vi (41)

an example of a stable such conforming method is the streamline upwind Petrov—Galerkin approach presented
and analysed in [29]. Note that the test and trial spaces for (4.1) are the same for simplicity. This can be
achieved, for instance, by enforcing essential boundary conditions weakly. The abstract analysis below, however,
generalizes immediately also to the case of different trial and test spaces as is often required in the treatment of
non-homogeneous essential boundary conditions. Also, the space V' of exact solutions is an appropriate subspace
of the graph space G := {v € L?(Q) : b- Vv € L*(Q) and aVv e L*(Q)}.

Suppose also that the bilinear form ay, is coercive in ‘7}1 with respect to an “energy”-like norm |-||,, i.e., for
all w e ‘7;1, there exists a Ceoer > 0, such that

C'coer ||w||z é ah(w»w)v (42)

and that a is also continuous in V' x ‘N/h, in the sense that for all z € V and all w € Vh, there exists a constant
Ceont > 0, such that
lan(z,w)| < Ceontlll2llla llwll, , (4.3)
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for some norm |||-||q, possibly different to ||-||,. Of course, this is relevant if |||-||, is stronger than ||-||, for,
otherwise, we can replace |[[|-|||o by ||-||, throughout this section. Hence, without any loss of generality in this
context, we henceforth assume |[w||, < Ceql||wl||o for all w € V' with C' > 0 independent of w.

A corresponding recovered finite element method (R-FEM) can be, then, defined on a polytopic mesh T (with
respective finite element space V'), which admits a subtriangulation T (and a respective space 17,;), as discussed
in detail in Section 3 with the help of a recovery operator £ : V;” — VN ‘N/h’" . To this end, we consider the R-FEM:
find up, € Vi (and, consequently, also £ (up) € V N ‘7,;" ) such that

ap, (5 (uh) ,E€ (Uh)) + s (uh,vh) =/ (5 (Uh)) , forall vy € V{, (4.4)

for sy, : (‘7,: N HI(Q,T)) X (‘thr NnHYQ, T)) — R a bilinear form, henceforth referred to as the stabilization,
whose role is to remove the possible rank-deficiency due to the use of a recovery operator. Note that V" C
VN HYQ,T).

An immediate choice for stabilization can be:

sp (wp,vp) = C/th (wp, — & (wp,)) (vp, — & (vp)) du, (4.5)

for v, € V), with m € R a real number, to be determined by the error analysis in each case. When £ is as in
Lemma 3.1, (3.3) allows also to consider the alternative stabilization

sp, (wp,vp) = C/F "t [wy] - [os] ds. (4.6)

int

To keep the discussion general at this point, we avoid prescribing a specific stabilization, and we prefer to make
a structural assumption on sj instead.

Assumption 4.1. The stabilization bilinear form satisfies
1/2 1/2 -
sh (Wh,vp) < Cstab (Sh (wh, wp)) ™7 (sp (v, vp)) forall wp,vn € Vy,

for some constant Cgiar, > 0 independent of wy, vy, and of h.
We also make the following stability and consistency assumptions required in the error analysis below.

Assumption 4.2.(A) There exists a “broken” version of ||-||,, say |||, 7, elementwise with respect to T, for

which we have |||, 7 = [Jwl|, whenever w € V' NV. Moreover, for Cyer, cier > 0 Tepresenting constants
independent of h and of w the stabilization sy, satisfies

CkerSh(w, w) < JJw — €(w)|\3T < Ckersp(w,w)  forall w e 17,: NHY (Q,T).

That is, this equivalence holds for all elementwise polynomials defined over the simplicial submesh T that
are continuous within in each element T of the related polytopic mesh.

(B) Assume that there exists a “broken” version of |||'|||la, denoted by |||-||la. 7, elementwise with respect to T, for
which we have: _
D) lwlla,r = lwl||le whenever w € V;y NV and
(2) lwll,. 7 < Cllwllla,z for allw € ‘7[ N HY(Q,T) for some C > 0 independent of w and h.

Now given the PDE problem (2.1), (2.3) in weak form, reading: find « € V' such that
a(u,v) =L(v) forall veV. (4.7)

The following best approximation result holds.
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Lemma 4.3. Let u € VNHY(Q,T) satisfy (4.7) and, for r > 1, suppose uj, € Vi is the R-FEM approzimation
with a stabilisation term satisfying Assumption 4.1 then we have

1 . 2, cz
g0 € @2+ Catuon () < i (142552 ) = € @0)IE + G201 (ono0n) )

"
vhEVy coer coer

(4.8)
+ INC(u),

where

2
INC(u) := o2 sup

coer O£, €E

<|eh (@) — € () | . |a (u, W) — ap (u, Wp) ‘>27
(vir)

lwn | 1wn |y

and Ceoer, Ceont are the coercivity and continuity constants defined in (4.2), (4.3) independent of u, up, h and
of £.

Proof. With £ := & (v, — uy) € \7{ NV =: Vi, coercivity (4.2) implies
Ccoer ||£||(21 + Sh (uhvuh) S ah(g,g) + sn (uha uh) )
and hence, in view of (4.4), (4.7) adding and subtracting appropriate terms yields

Cooer €12 + 81 (un, un) < an(€ (vn),€) — €a(€) + sn (un, va)
< an(€ (vn) — u, &) + sp (un, vn) +£(§) — €a(§) + an(u, &) — a(y,§).

Making use of the continuity (4.3) of a;, along with Assumption 4.1 we see

Ceon Cs
€02 + —sn (s un) < 22— & (om0, + 22 (o o, ) s (on0))
1
b () — (a(®) + an(w,€) — a(u,©)).
Finally, invoking Holder’s inequality in standard fashion shows the abstract bound
2 CVc2ont 2 Cs2tab
€l + sn (un,un) < 22 [lu — & (va)llla + =72 sn (vn, vn) + INC(u).
C(coer Ccoer Ccoer

The result follows by the triangle inequality and noticing that v, was arbitrary, together with ||w||, < Ceql||wl|a
for all w e V.

To arrive at an a priori error bound, we make the following (rather mild and immediately satisfiable by all
the scenarios we have in mind) additional set of assumptions.
Theorem 4.4. Assume that the recovery operator £ in the definition of R-FEM (4.4) is such that £(v) = v for
allv e VNV and, also, that it is stable with respect to the ||w|||q,7-norm, viz.,

€@l < Clllwllla,r  Vw € V.

Assume that the exact solution satisfies ulr € H¥(T), T € T, for some k > 2, and that any inconsistency of the
Galerkin method posed on simplices (4.1) is of optimal order, viz.,
INC(u) < C Z h2s*o‘\u|§’T,
TeT
for1 < s=min{k,r+ 1}, a € {1,2} depending on the structure of the diffusion tensor a, with constant C' > 0,
independent of uw and h. Then, we have the bound

lu— & (un)l|2 + sn (un,up) < C Z h* ™2 . (4.9)
TeT
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Proof. The triangle inequality, Assumption 4.2 along with the optimality of the inconsistency terms imply

(Mu, Mu) + C Z h?5~ “lul? 1, (4.10)
TeT

lu = & (un)l|2 + sn (un, up) < Cllu —

with IT : L?(Q) — Vi denoting the orthogonal L2-projection operator onto the polytopic finite element space
V. Let also I : L*(Q) — Vh NV be the respective orthogonal L?-projection onto the conforming finite element

space of the subtriangulation 7. The above mesh assumptions on 7 and on T ensure that II and II admit
optimal approximation properties.

From hypothesis, we have & (ﬁu) = Tlu. From Assumption 4.2, it then follows s, (ﬁu, ﬁu) = 0. Now, from
Assumption 4.1, we then also have
Sh (ﬁu,v) =5 (v,ﬁu) =0 forany wv€ 17[ NHY(Q,T).
Using this, together with Assumption 4.2 and the stability of the recovery operator, we have, respectively,
sp (Mu, Mu) = sy, (ﬁu — I, Hu — Hu)

~ _ 2
< cl:elr HHu —Iu— & (Hu — Hu)

a, 7
~ 2 ~
<C (Hﬂu - HUH . + ||| Tu — Hu||37)
< CO|||TTu — Thul|? 7
~ 2
< C (lu = Tullla;z + lu = a7

The result now follows by appealing to the optimal approximation properties of II and 1. O

The nature of the diffusion tensor a determines the strength of the norms |[-||, and |||-|||. For instance, for
the case of the streamline upwinded Petrov Galerkin method of [29], we can take

1/2
2 2 2
o, = lolla = (ool + reelfy + Vo] )
_ury,
and

1/2
2

ooz = (% ol + > VLol + | Ve ) ’
TeT -

with 7|p = chp/p, for some appropriate ¢ > 0. When no diffusion is present (a = 0), Theorem 4.4 holds with
«a = 1, while when a # 0, optimal rates are still given for o = 2.

Corollary 4.5. With the assumptions of Theorem 4.4, we also have the following bound:
lw—=unlls 7 + sn (un,un) < C Y D>l 4, (4.11)
TeT
for 1 < s =min{k,r}, with C positive constant, independent of u and of h.
Proof. The triangle inequality implies
u—unlly7z < llu—E un)ll, + 1€ (un) = unll, 7 -
Using, now, Assumption 4.2 we have
1€ (un) = unlly 7 < Crersn (un,un)

the result then follows. (]
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5. AN ALTERNATIVE RECOVERED FINITE ELEMENT METHOD

To highlight further the potential of the proposed R-FEM framework applied to both standard /simplicial /box
and, in general, polytopic meshes, we present an alternative R-FEM. This method is motivated by the desire
to have a conforming approximation for the second order part of the differential operator and an upwinded
discontinuous Galerkin discretization of the first order terms in (2.1). The developments below also showcase
an R-FEM error analysis using inf-sup stability rather than coercivity results.

For sake of the simplicity of exposition, we assume that each entries of the diffusion tensor a are constant on
each element T € 7 ,i.e.,

ae [V (5.1)
Additionally, we assume the following standard assumption on b:
b-VyéeVy VeeV). (5.2)

cf., [11,31]. For given operator (3.2), the new recovered finite element method reads: find uj, € V; such that

B (up,vp) =€ (vp), forall v, eV, (5.3)
where
B (up,vp) := /Q (aVE (up) - VE (vg) + b - Vyurl (vp) + € (up) € (vy)) do
— / (aVE (up) -n& (vy) +aVE (vy) -n& (up) — opé (up) € (vy)) ds
o (5.4)
- /FD (b n)up€ (vy)ds — 7;—/8_T\6(2 (b-n) |up|E (vy)ds
+ 57 (un, vn) + b (un, vp)
and

£(vy) := /Qfé’ (vp,) do — /F gp (aVE (vg) -n —op€ (vy,))ds +/F gn € (vp) ds

- /7 (b-n)gp& (vy) ds,
1—‘D

with sf*(-,-) : VI x V7 — R, m € {{a,c},b} denoting symmetric bilinear forms, henceforth referred to as
stabilisations, and op : I'p — R a positive penalty function defined precisely below that weakly enforces the
Dirichlet boundary conditions.

This motivates the following choice for the elliptic stabilisation bilinear form:

s (un, vp) == /F Ta,c[un] - [vn] ds, (5.5)

int

for some non-negative function o, ¢ : I'iny — R, that will also be defined below.
To ensure that sufficient numerical diffusion is included in the proposed method for the case of small or
vanishing diffusion tensor a, we select

sz (up,vp) = /1“ (op,1 [un] - [vn] + op2[h (b - Vug)] - [h(b-Vuy)])ds, (5.6)

int

for non-negative functions oy1,0p 2 : T'int — R, to be selected below. We note that (5.6) follows the spirit of the,
so-called, continuous interior penalty stabilisation procedure due to Douglas and Dupont [22] and to Burman
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and Hansbo [9]. Crucially, however, the trial and test functions uj and vy, in the present R-FEM context are
discontinuous, cf., [8] also. The inconsistency introduced by the streamline derivative jump term in (5.6) will
be dealt with in the a priori error analysis below.

Some remarks on the method are in order. To accommodate for the potentially locally changing nature of the
differential operator, we have opted for weak imposition of essential boundary conditions, following the classical
ideas from [34,38]. For the case of elliptic problems, strong imposition of essential boundary conditions in the
spirit of [24] is by all means possible also. We note, however, that since essential boundary values are known
the above is actually a conforming method for & (uy,).

Also, we have opted for a, to the best of our knowledge, new method for the discretisation of the first order
term. This is to highlight the flexibility of R-FEM in incorporating different discretisations of various terms of
the differential operator. More importantly, since in the absence of diffusion, the exact solution u may exhibit
jump discontinuities across characteristic surfaces, we prefer not to recover wuj in the discretisation of the first
order term. We stress that more classical choices, such as streamline diffusion-type and/or continuous interior
penalty-type treatment of the first order term are by all means possible. Indeed, certain such choices coincide
with the standard/classical conforming finite element versions for & (u;) when applied to standard triangular
meshes (cf., the discussion in Section 3 of [24]).

We also remark on the assumptions on the diffusion tensor (5.1) and convection field (5.2). The above R-FEM
method (5.3) can be easily extended to general positive semi-definite diffusion a € [L™° (Q)]gyxrg following the
inconsistent formulation introduced in [23]. For the general convection field b, we would need to modify (5.6)
by setting

Sz (Uh, ’Uh) = /F (01,71 [uh] . [’Uh} + 0b,2 [hH (b . Vuh)] . [hH (b . V'Uh)]) dS, (57)
int

which will make the stability proof and error analysis more complicated. We refrain from doing this here to

focus on the key ideas.

Finally, some comments on the practicality of the R-FEM framework for polytopic meshes, compared to
other approaches is in order. The total number of unknowns for the R-FEM depends only on the number of
polygonal elements and on the local polynomial degree, but is independent of the number of faces per element.
Therefore, R-FEM may be advantageous in when elements with many faces are present in the mesh and, thus,
be a “conforming” alternative to interior penalty discontinuous Galerkin methods (IP-dG) for many-face-per-
element polytopic meshes [12]; see also the numerical experiment in Section 7.5.

At the same time, R-FEM admits a wider stencil than an IP-dG method on the same mesh. To counteract this,
it would certainly be an interesting direction of future research to derive hybridized versions of R-FEM in the
spirit of [19,21]. Nonetheless, R-FEM is primarily envisaged to eventually be able to tackle problems requiring
control of compatibility properties of the approximated state variable (such as positivity, monotonicity and
conservation properties) on meshes which result from simplicial mesh agglomeration, whereby the individual
element shapes are difficult to control. To that end, the proof of R-FEM stability under face and/or edge
degeneration is a very interesting direction of future research.

6. A PRIORI ERROR ANALYSIS

We dedicate this section to the analysis of the method introduced in Section 5. The main ingredient to this
is an inf-sup condition over suitable norms. We let «, 3,7 : 2 — R such that

alr = Wal3lr, Bl = 1Bleiry = llell ey (6.1)
over each element T' € 7. We define the stabilisation parameter

op := Cpar®/h, Gplp = max ople. (6.2)
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Now, for w € V', we define the norms

o= (Ivaul® + § (VB-altwl]) + [V -alol} +| v

9 1/2
)

2 a.c 1/2
Nl = ([Vave@)|* + IVane @), + ol + i (w, w) + s (w,0))

int

and

We also define the “streamline-diffusion” norm

1/2
9

il = (Ioll? + | VX (b- 30

where d > 0, to be chosen precisely below, and
A:=min {37, 55"} h, (6.3)

We are now in a position to show the following inf-sup condition for the R-FEM method (5.3). In the proofs
of the results in this section, we are particularly interested in the dependence of the resulting bounds on the
mesh-Péclet number Pej, the mesh-size h and polynomial degree r. We aim, therefore, to track constants and
their dependence explicitly.

Theorem 6.1 (Inf-Sup Condition). Let a € [LOO(Q)]Z;;Z satisfy assumption (5.1) and b € WH>(Q)? satisfy
assumption (5.2). Assume that the mesh is such that each element face in the mesh is either completely inflow
or outflow or characteristic. Suppose also that the penalisation parameters oq.,0p,1 and op2 are chosen large
enough to satisfy (6.10), & is chosen to satisfy (6.11) and the boundary stabilisation constant Cy > 0 is suffi-

ciently large. Then, we have

B
inf sup _B(wn,vn) > A, (6.4)
0w Vi 0o evyy [lwnlllslllvnllls

where A > 0 is independent of X, h and of the mesh-Péclet number Pey, := fh/a.

Proof. As usual, the proof consists of two steps: (1) for each wy, € V', we find a v, (wn) = vp € V)] such that
B (wp,vy) > C|||lwp|||?, and, (2) we show that this vy, satisfies the bound |||vp||s < C|||ws]||s, thereby inferring
the result.

To that end, fix wy, € V;| and set v, = wp, + 5w,};, where we will use the shorthand wz = A(b-Vywy) for
brevity for some § € R is to be chosen. Then, integration by parts and working as in the proof of Lemma 2.4
from [30], as well as making use of standard inverse estimates, give

1
B (wh,wh) > —|||wh\||2 + / b - Vywy, (8 (U)h) — U}h) dr + /
Q

= . c (5 (wp)? — w,%) dz

- /F (b-n)wy (€ (wp) —wp) ds — Z /a oo (b-n) |wn] (€ (wp) — wp) ds (6.5)

D TeT

1
= 5|||wh\||2 + 1+ 1+ I+ 1IV.
Using Lemma 3.1, Young’s inequality and (6.3), we have

1< i H\/ﬁb : Vh,whH2 +C(r) ]5*1/2@1/2 [wh]’ ’

Tint
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and

\

% 4 2cwy, (€ (wp) — wy) dz:

| /\

Hf wn H V@l + o6 |\ vaR i,
< 1 IVaul? + o) || (1+rr,) VaBd)|

with Yo 2 local min of ¢y. Finally, again, using Lemma 3.1 and Young’s inequality, we also have

II+1V < < H\/|b n|wh AL iinﬁC(r)H\/B[wh]‘Q

Substituting the above bounds into (6.5), we arrive at

B (wnyun) > g llunll? — 7 /@] ~ C(r H(lﬂ/ﬁ)ﬁ[wh}\\im

sl

int

S AT N VT N YOTR e | (6.6
- )| (VB a2 VB)
Working as before, we also have
B (wn, uh) > — ¢ llwnll — | Vave (uf)|
+ H\/ﬁb.vhwhuz +/Qb.vhwh (€ (6wh) — dub) dz
~2lvane (duh) 7, - 8 o5 2ave (b (67)
~2[ Vil (ouf) [ -2 [VBale (uh) |
~ lv7ae [5ub] I, ~ Ve [Bubllly,, — [vonz I (b- v (Gup))]]7,,
We further bound each term in (6.7) not directly appearing in the energy norm. We have
|Vave (suh) | < crt | Vane (3uh) | o

2
< Crt H\/S (\/Mb : Vhwh) H +C(r) |5k (b- Vawn)]2
using an inverse estimate and Lemma 3.1, respectively. Similarly,

/ b Vywy (€ (5w,bl) — 5w2) dz < i H\/ﬁb . VhwhH2 +C(r) H [\/gh (b- Vhwh)} ‘ ’
Q

Tint

Next, using the stability of £, we deduce

2(|vane (u})|I7, < €t |V5 (Vaxb - o) || + €0 160 (b - T,
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and, using inverse estimates along with the definition of op,

8[op 1/ 2ave (suh) HiD < ort|lvahte (sud) |,
which can be further estimated as in (6.8). We also have

2| /T nle (suf) ’

FB UFint

< 0 |[V5 (VaXb - Tiun) H2 +C(r) ||[oh (b - Vawn)]Z,

and
2

lvoez [ (b- Vi (dwi)] e

Combining now the above estimates, we arrive at the bound

Cr’

int

‘ 0'572/11[35’&12

2
B (o, wn (wn)) 2 lwnll? + 5 | VaRb - o
—OmH@@+vﬁrw)WMim—cmH@+¢Wi)%%wﬂ
—Crt H\/g (1 +r 4 O’b,gﬂ) (\/(%b . Vhwh> H2

— ) |(vam+ 1+ 5772) 8 (b - Ty )|

2

Ting

int

Upon selecting a global constant § > 0, small enough, we can have

Cr45(1+r*1+r\/abTﬁ>2g% and  °C(r) (\/Fpr + 140 1/2) <0

Now, upon selecting additionally penalty parameters large enough to satisfy

o1 2 8C(r)B (1+ 5—1/2)2, Gae 2 8C()y (14 \/7/70)2 . oba >0,

we can set

<0 |V (VB - V)|

(6.9)

(6.10)

§ := min { (4Cr4 (1 +r7 4 rJ%Tﬁ)Q) - : (—1 + \/1 + %oz (m/W + 21/2>_1> 2 /4} . (6.11)

which, in turn implies,

B (i, v (wn) = gllwnl? + 3 [ VAR (b )| > Sl

from (6.9) and the first step of the proof is complete.

For the second step, working as above, standard inverse estimates along with and Lemma 3.1 imply

%@(wﬁbwmwgu?qhéﬁxwﬁbwmw42

15w}l < Or) 18 (b - Vrawn)]JE,, +Cr*

int

+ vz ot + 0 [VIVARD - B[+ e sui]l
+ O HmﬂMb-vhwth

(6.12)
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2 2
and H\/éz\b . VhéwzH < Cr* H(S\/ 0Ab - VhwhH . The above assumptions on 6, 04, 041, 0p,2, finally imply

ol < Hlwnlls + 18w}l < CG) (llwnlll + | VoBb - Vawa|) = C@lllwnlls, (6.13)

thereby completing the proof of the second step also. O

Remark 6.2. It is possible to modify the above proof by introducing a locally variable ¢ aiming to achieve
stronger streamline-diffusion stabilization effect at the expense of mild assumptions on the local variation of
0 in the computational domain, see [26] for a similar argument in a completely different context. In partic-
ular, using the elementary identity [5w,’;] = [4] {wZ} + {4} [wﬁ] valid on every face e C T'iy, provided that

161 o0 (¢ / 110]] oo ¢y < 1, ome can incorporate {w}} into the stabilization term H\/(F)\b - Vywp )

Proposition 6.3 (Galerkin orthogonality). Let u € V be the solution of (2.1), (2.3). Suppose also that uy, € VT
is the R-FEM solution of (5.3) and set e := u — & (uy) for brevity. Then, for all v, € V;7 we have:

/Q (aVe-VE (vp) +b -V (u—up)& (vg) + ce€ (vy)) dz

- /F (aVe-né& (vy) +aVE (vy,) -ne —ope (vy,)) ds

(6.14)
—/ (b.n)(u—uh)g(uh)ds—z/ (b-n) |u—up)& (vy)ds
r; TerJo-T\o0
+ 83 (u — up, vp) + sﬁ’l (w —up,vp) = 0.
Proof. To begin, from (2.1), (2.3), the consistency of the method yields
/ aVu-VE (vp) +b-Vul (vp) + cué (vp,) dx — / aVu-né& (v,)ds
¢ e (6.15)

= [ fE(vp)dx +/ gnE (vp)ds Yo, € V.
Q I'n

Noting that n”an = 0 implies n”a = 07 for a satisfying (2.2). Moreover, the regularity of u [35] allows to also
conclude

s (u,vp) = sh (u,0) =0 for v, € V',
Subtracting now (5.3) from (6.15) already yields the result. O

Lemma 6.4. Suppose the assumptions of Theorem 6.1 hold and let u and uy, satisfy the assumptions of Propo-
sition 6.3. In addition, let 11 : L*(Q) — Vi denote the orthogonal L2-projection operator onto the polytopic
finite element space V;'. Upon considering the splitting u — up, = (u — Hu) — (up, — Hu) =:n — &, we have

1B (& on) | < F(n)lllvallls, (6.16)
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where

PO = 2|V (u=& ()| + (/a1 [VBb- V| +5C()3/00. |[/Ib-la
2|Vl

+ (2100510 /12) VI + (14292 /70 + 8 C )b/, [fu— € (1) |

2
+2H |b - nln .

2
Tint

+8C(r)B/ o1 H \/WU?J’

42 HaV (u— & (TTu)) - nagl/gHiD +20(r) VoD (u — € (Tw) |2

+257°(n,m) + 2s% (0, n).

Proof. Galerkin orthogonality (6.14), for any v, € V), gives
/Q (aV (1 — € (TTw)) - VE (v) + b - Vané (on) + ¢ (u— £ (TTw)) € (vp)) die
- /1“ (aV (u—E (Mu)) -n€ (vp) + aVE (vy) -n (u— & (Mu)) —op (u— & (Mu)) € (vy))ds

[ bemag@as- Y [ o ) L )05 4550010 + 5 0,00

D TeT (617)
= [ (@TE©)- VE (0n) + b Ve (1) + c£(OF (1)
- /1“ (aVE() -n& (vy) +aVE (v) -nEE) —op&(E)E (vy,))ds
- /FD (b-n)&E (vp) ds — T;/@ﬂm (b-n) [£]€ (vn) ds + s (& vn) + s}, (§,vn) -
Now examining the terms appearing on the left hand side of (6.17) involving b we see that
/Qb~thS(vh) dx—/FD (b~n)n€(v@ds—j§/@ﬂm (b-n) 7)€ (va)ds
= / b - Vin (€ (vn) —vp) dx—/_ (b-n)n (€ (vy) —vp)ds
Q r;
. (6.18)
3 [ R E @ ot ds= [ (b Vi + (7D
+ /Fg (b - n)nupds + %/@ﬂ{m (b-n) |vy|n~ ds.

Recalling that b satisfies assumption (5.2), by using the orthogonality of II, we immediately have be-
Vivpndz = 0. Using Lemma 3.1 and the Cauchy—Schwarz inequality, we have from (6.18)
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/Qb - Vpn€ (vy) dz — / (b-n)n€ (vy)ds — Z (b-n) |n]& (vy)ds

ry TerJo-T\o0

<C(r) H\/ﬂbVwH [ [vn]

+C()V/B |V ulln)|
St

o+ COWE [Vl ]

Tint
(6.19)

| I Ve LV |

R RCIEY N VR I

Mol

V1Bl

Fg Ting

Now making use of analogous arguments for the reaction term, the triangle inequality and Lemma 3.1, we
have

/Q ¢(u— & () € (vr) do < [lu— € ()| (o] + 1€ (vn) — vnl)

(6.20)
—-1/2
<y 2w = € ()| [ y/ounl +~C ()02 u = € ()| [[[vallr,, -
As for the Dirichlet boundary, assumption (5.1) together with an inverse inequality, result to
—-1/2 1/2
/ aVe& (vp) m (u— & (u))ds < HO’D aVe& (vp) - nH HJD (u— & (ITu))

I'n e o (6.21)

< C(r) HJ;/Q (u—& (Hu))HF [Vave (v)| -

D

The result then follows by combining (6.17)—(6.21), thereby concluding the proof. |

Theorem 6.5. Suppose that the assumptions of Theorem 6.1 hold and let u and uy, satisfy the assumptions of
Proposition 6.3. Suppose further that u|lp € H*(T),T € T, for some k > 2. Recalling e = u — uy,, we have the
following a priori error bound:

2
[Vavel® + Ivanel, + llu— wnl} + |V (b Vs (u = un)

6.22
+ 57 (u— up,u — up) + 85 (U — up,u—up) < C Z (Dr +Cr) h2l_2|u\527T, (6.22)
TeT
where
Dr = a+a*hlog! + hop, (6.23)
and
Cr = 8%/, + Bh + (12/70) B2 + (IBly1.0 0 oll o o /38) B + lloll o o) B 621

+72C(r)h®Joy 1 + 66°h + 04.ch 4 01 h + 03 26%h,

for l =min{k,r + 1}, with C positive constant, independent of u and of h.
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Proof. Using the notation of the proof of Lemma 6.4, triangle inequality implies
2 1 2
IVave|* + Ives (u = un)l” + Vopel, + 5 | vIbnl (w—un)|| _
D
1 1 2 2
+5 |V allu—w |+ = |v/bnl (u_uh)HF+ +[|VaR b Vi (w = wn))|
N

+sZ’C(u—uh,u—uh)+sl,’l(u—uh,u—uh)

< (2|Vav (u - & @u)|* + 2|l eon| + 2l von (u — & ([Mu)) |,
N N e M

+ 287 (1,m) + 285, (1, n)) + (2l€l?) = T+ 1L

2
Dint

(6.25)

2 2
2 H\/§h b H
e r + (b-Vyn)

The optimal approximation properties of L2-orthogonal projection operator, combined with lemma (3.1), yield

1<cy” (a +oph+h (h leoll ey + B8+ 66 + Tac + 041 + ab,zfﬂ)) W22 uf? . (6.26)
TeT

Next, the inf-sup condition given in Theorem 6.1 along with Lemma 6.4 give
4 2 2
1< — (2]|Va¥ (u— & (M) |* + ) o [ VB - V|| +C)8/0.1 ||v/Ib -0l |
D

2 2
L
int N

72 (5 + OB /1) fu — € (T |2 + ]2y ) /22 [/l

+C(r)B/ova | VIb-nlln]]

2
Dint

6.27)
122 (
+||a¥ (= £ @) o 2|+ e IvaD (- & )R, + 55 m) + shnm)
D
<cC Z (04 + 8h/oy1 + Bh+ (v°/70) h® + HbHIQ/VlvOQ(Q) llcoll oo () /730
TeT
+ 'yQC(r)hg/ab)l + a2h71051 +hop + 04,ch+0p1h + abgﬁzh) h2l72|u|12,T.
The result then follows by combining the bounds (6.26) and (6.27). O

Remark 6.6. We note that the above a priori error bound for R-FEM (6.22) is optimal with respect to the
mesh-size h. If b = 0, the error bound (6.22) reduces to

2 a -
IVaV (u =& n))||” + VoD (u— & (un)f, + s5° (w = wn,u—up) < Ch*Juf?.
The above error bound is h-optimal and coincides the error bound from [24] which was shown for standard

meshes consisting of simplices. On the other hand, if in the pure hyperbolic case with diffusion tensor a = 0,
we deduce the error bound

2
|lu — uh||f) + Hvéh (b-Vj (u— uh))H + sg’c (u— up,u — up) + 5% (u— up,u—up) < Ch2 w2,

which is also h-optimal.
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(c) (d)

FIGURE 1. Two examples of a polygonal meshes and respective simplicial subdivisions. (a) A
polygonal mesh 77. (b) A simplicial subdivision 77. (¢) An example of an agglomerated mesh
with many tiny faces 75. (d) A simplicial background mesh 75.

7. NUMERICAL EXPERIMENTS

We shall now investigate numerically the asymptotic behaviour of the proposed R-FEM method on general
polygonal meshes. We first introduce a sequence of polygonal meshes, indexed by their element size, together
with the simplicial sub-meshes used; see Figure la for an example or Figure 2 for a refinement of the latter.
We point out that the sub-triangulations used do not introduce any new points in the interior of the polygonal
mesh to keep the number of degrees of freedom in the triangulated sub-meshes to a minimum. The numerical
quadratures are done over the simplicial sub-meshes, where the recovery operator from Lemma 3.1 is applied.
As expected from the theory, we have numerically observed that, increasing the number of degrees of freedom
in the sub-meshes as a proportion of the polytopic meshes, does not increase the order of the method and only
improves the accuracy marginally. All the polygonal meshes are generated by PolyMesher [42]. Unless clearly
stated, the R-FEM solution uy, is computed by (5.4) with the following choices of stabilisation parameters C,
appearing in op, o4, in (5.5), 0p1 and o032 in (5.6), all with value equal to 10.
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FIGURE 2. An example of a polytopic mesh 7 which is a refinement of the mesh from Figure 1.
(a) 7 with 256 polygons. (b) 966-triangle sub-mesh.

7.1. Example 1: A first order hyperbolic problem
Let Q := (0,1)2, and choose

a=0, b=(2-y*2-2), c=1+1+2)(1+y)?% (7.1)

the forcing function f is selected so that the analytical solution to (2.1) is given by

u(z,y) =1+sin (r(1+2)(1+ y)2/8) , (7.2)

cf., [11,31].
We examine the convergence behaviour of the R-FEM with respect to h-refinement, with fixed polynomial r,
for r =1,...,4. In Figure 3 the error in two different norms, against the square root of the number of degrees

of freedom in the underlying finite element space V; is given. The slope of the convergence rate shown is the
slope of the last line segment for each convergence line. We observe that ||u — upl|, and |ju — us||,, converge

to zero at the optimal rates O(h"*!) and at least O (h”%), respectively, as the mesh size h tends to zero for
each fixed 7. The latter results agree with the result (6.22) in Theorem 6.5. Notice that the ||u — up||,, appears
to superconverge for r even. It has been observed in the literature of hyperbolic conservation laws that often,
numerically, one may observe super optimal convergence rates, higher than the provable O (h’"“‘l/ 2), for even
polynomial degree discontinuous Galerkin methods [17,27].

7.2. Example 2: A nonsymmetric elliptic problem

Let © := (0,1)2, and choose
a=1l, b=(01-y,1—-x), c=2; (7.3)

the forcing function f is selected so that the analytical solution to (2.1) is given by
u(z,y) = sin(mrx) sin(my). (7.4)

We examine the convergence behaviour of the R-FEM with respect to h-refinement on quasiuniform polygonal
meshes, with fixed polynomial r, for r = 1,...,4. In Figure 4 we plot the error, in terms of the L?-norm
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FIGURE 3. Example 1. Error against numerical degrees of freedom (Dof). Here we examine the
convergence of the R-FEM under h-refinement for polynomial degrees » = 1,2, 3, 4. Notice that
[lw — UhHLz(Q) =0 (hr“‘l), which is optimal. In addition, ||u — ul|, appears to converge faster
than the analysis of Theorem 6.5 suggests for even polynomial degrees.

and the (broken) H'-seminorm for both discontinuous R-FEM approximation u; and the conforming R-FEM
approximation & (uy), against the square root of the number of degrees of freedom in the underlying finite
element space V). We observe that ||u —up|| and |u —up|g1(o,7) converge to zero at the optimal rates O (hr“‘l)
and O (h"), respectively, as the mesh size h tends to zero for each fixed r. Moreover, the difference between the
R-FEM solutions up, and & (uy) is marginal. The results are in accordance with Theorem 6.5.

7.3. Example 3: A advection-dominated elliptic problem

We now investigate the numerical stability of the R-FEM through a series of advection-dominated elliptic
problems. Let € := (0,1)2, and choose

a=c, b=(L1), c=0; (75)

together with a forcing function f = 1 and homogeneous Dirichlet boundary conditions. This example is known
to admit boundary layers in the vicinity of the right and top boundaries z = 1 and y = 1 when ¢ < 1. We
investigate the stability of R-FEM as ¢ — 0 on a fixed, relatively coarse mesh which is insufficient to resolve the
layer. More specifically, we consider a fixed mesh consisting of 1024 polygons over the domain, we choose r = 1
and take e = 1072,1074,1075. In Figure 5 we plot the numerical solutions u;, and & (u). We observe that for
€ = 1072, the mesh is fine enough to resolve the layer and, hence, both uj, and & (us) are stable. For € = 1074,
the mesh is no longer fine enough to resolve the layer. However, the solutions are still stable in the sense that
neither solution admits non-physical oscillations near the boundary. In the case ¢ = 1075, the mesh is too coarse
to resolve the layer. Both wu;, and £ (uy,) appear to be stable in this case. Moreover, the solutions are very close
to the solution for the pure hyperbolic problem with inflow boundary satisfying Dirichlet boundary conditions.
This is expected as the boundary conditions have been imposed in a weak fashion for the numerical method to
be valid in the hyperbolic limit € = 0 also, in the spirit of the classical discontinuous Galerkin methods.
Finally, we make a comparison between the proposed R-FEM and a post-processed solution & (up¢g) of an
interior penalty dG solution upg from [10] over the same 1024-polygon mesh. In Figure 6, we provide the
numerical solution with the same e = 10~ and linear elements. As it can been seen, the two solutions have
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FI1GURE 4. Example 2. Convergence of the R-FEM under h-refinement for r = 1,2, 3, 4.

different qualitative properties, with R-FEM appearing to be giving qualitatively similar stabilisation with
conforming-type stabilization methods (which may not be directly generalizable to polytopic meshes), rather
than the typical DG profile of exponentially diminished oscillations away from the layer and strongly oscillatory

layer behaviour.
7.4. Example 4: A mixed-type problem

We now consider a partial differential equation with nonnegative characteristic form of mixed type. To this
end, we let = (—1,1)?, and consider the PDE problem:

—xzuyy—l—uw—l—u:O, for —1<zx<1l,y>0,

(7.6)
Uy +u =0, for —-1<zx<1l,y<0,
with analytical solution:
(2.9) sin(%ﬂ(l—&—y))exp (_ (334_”?;3))’ for —1<x<1,y>0, (7.7)
u(z,y) = :
sin (37(1 +y)) exp(—z), for —1<2<1,y<0,
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FIGURE 5. Example 3. R-FEM solutions for a mesh consisting of 1024 polygonal elements and
r = 1. (a) up with e = 1072, (b) & (up) with € = 1072, (¢) up, with e = 1074, (d) & (up) with
e =10"% (e) up, with e = 1076. (f) & (up) with e = 1076,
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F1GURE 6. Example 3. R-FEM solutions and DG solutions for a mesh consisting of 1024
polygonal elements and r = 1. (a) uj, with e = 107%. (b) &€ (us) with € = 107, (¢) upg with
e=10"% (d) & (upg) with e = 1074,

¢f., [11]. This problem is hyperbolic in the region y < 0 and parabolic for y > 0. Notice that, in order to ensure
continuity of the normal flux across y = 0 where the partial differential equation changes type, the analytical
solution has a discontinuity across the line y = 0, cf., [31].

We examine the convergence behaviour of the R-FEM with respect to h-refinement, with fixed polynomial r,
for r =1,...,4. To have the opportunity to possibly observe optimal convergence rates, we align the polygonal
mesh with the solution’s discontinuity; a typical mesh is shown in Figure 7. Also, for this example the recovery
operator is constructed in piecewise fashion over the two subdomains. This ensures the conforming R-FEM
solution & (up,) is able to have a jump discontinuity over the interface where the problem changes type.

In Figure 8 we plot the L2-norm error, as well as the error in the norm on the left hand-side of (6.22) for
R-FEM approximation uy, against the square root of the number of degrees of freedom in the underlying finite
element space V;'. Abusing the notation, we use again |||-|||s to denote the norm on the left hand-side of (6.22).
We observe that |||u —upl||s converges to zero at the optimal rates O (h"), as the mesh size h tends to zero
for each fixed r. These results agree with the result (6.22) in Theorem 6.5. However, the convergence rate for
lu — up|| seems to be slightly suboptimal in h. Additionally, we also plot the error in terms of L?-norm and
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FIGURE 7. An aligned polytopic mesh, 7, with 64 polygons and 208 triangle sub-mesh 7. (a)

(a)

An aligned mesh with 64 polygons. (b) A 208 triangle sub-mesh.

[[u = unl| ()

[llw — wnll]s

Ficure 8. Example 4. Convergence of the R-FEM under h-refinement for r = 1,2, 3, 4.
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FIGURE 9. An example of agglomerated meshes 7 with a lot of tiny faces. (a) 7 with 35
polygons. (b) 7 with 548 polygons.
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H'-seminorm for & (uy), against the square root of the number of degrees of freedom in the underlying finite
element space V). Here, again, observe that ||u — & (up,) || and |u — & (up) |g1q converge to zero at a slightly
suboptimal rate.

7.5. Example 5: An elliptic problem over agglomerated meshes with many faces per
element

Let Q := (0,1)?, and choose
a=1, b=(0,0), c¢=0; (7.8)

the forcing function f is selected so that the analytical solution to (2.1) is given by
u(zx,y) = sin(mwz) sin(my). (7.9)

In this example, we investigate the convergence behaviour of the R-FEM with respect to h-refinement on
agglomerated meshes, with fixed polynomial r, for » = 1,...,4. Here the successive fine agglomerated meshes
are constructed based on about half a million uniform triangles. In the coarsest level of the agglomerated meshes,
each polygon has approximately 300 tiny faces; a typical mesh is shown in Figure 9. In Figure 4 we plot the
error, in terms of the L?2-norm and the (broken) H!-seminorm for both discontinuous R-FEM approximation uy,
and the conforming R-FEM approximation & (up,), against the square root of the number of degrees of freedom
in the underlying finite element space V. We observe that ||u — up|| and [u — up|g1(q,7) converge to zero at
the optimal rates O (h”l) and O (h"), respectively, as the mesh size h tends to zero for each fixed r. Moreover,
the convergence rate seems to be better than the optimal rate possibly because the large number of background
meshes take more information to the R-FEM solution. We emphasize that the theoretically analysis in this
work does not hold for R-FEM over these agglomerated meshes because of the presence of small edges, but the
numerical results are in accordance with Theorem 6.5 (Fig. 10).

8. CONCLUSION

In this work, we extended the recently developed R-FEM and applied it to PDEs with nonnegative charac-
teristic form. We have defined our scheme over general meshes, consisting of polytopic elements showing that
the total degrees of freedom of the R-FEM solution only depends on the number of elements in the polytopic
mesh. We have shown the R-FEM is stable for convection-dominated problems, pure hyperbolic problems and
problems of mixed classification when the interface is aligned with the polytopic mesh. Numerical experiments
have been presented to confirm the theoretical results derived in this paper. As a byproduct of the solution
process, we obtain a conforming counterpart of the solution, defined over a subtriangulation of the polytopic
mesh. This conforming approximation plays a key role in deriving a-posteriori error control for the R-FEM
which will be considered in the future work.
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