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to high-order approximations within the first family of Nédélec finite element spaces. The

Correspondence

*Eduardo De Los Santos Email: key point in this method is the identification of degrees of freedom for edge and nodal

eduardo.santos.nunez@gmail.com finite element spaces such that the matrix of the gradient operator is the transposed of

Present Address the all-node incidence matrix of a directed graph. This is straightforward for low-order

Dip. di Matematica, Univ. di Trento, via finite elements and it can be proved that it is still possible in the high-order case using

Sommarive 14, 1-38123 Povo, Trento . . . .
either moments or weights as degrees of freedom. In the case of weights, the geometrical

realization of the graph associated with the gradient operator is very natural. We recall in
details the definition of weights and present an algorithm for the construction of a spanning
tree of this graph. The starting point of the algorithm is a spanning tree of the graph
given by vertices and edges of the mesh (the so-called global spanning tree, that is the one
used in the low-order case). This global step, interpreted in the high-order sense, is enriched
locally, with a loop over the elements of the mesh, with arcs corresponding to edge, face

and volume degrees of freedom required in the high-order case.

KEYWORDS:
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1 | INTRODUCTION

The aim of this work is to present the construction of a spanning tree of the graph associated with the degrees of freedom (dofs) of high-order
nodal and edge finite elements to extend the well-known tree-cotree gauging method. The idea of the tree-cotree gauge is to identify a set of dofs
for edge finite elements that spans the kernel of the curl operator. If the domain is simply connected, these dofs are identified on a spanning tree
of the graph whose nodes (arcs) are the dofs of nodal (edge) elements, respectively. Using the weights123 a5 dofs for high-order edge and nodal
finite elements, the graph can be thought on a particular refinement (associated with the principal lattice ) of the elements of the initial mesh. The
small tetrahedra generated by this (virtual) refinement are affine contractions of those of the initial mesh and are called small elements. They are
not constructed actually (and in this sense they are virtual), however they allow for a geometrical localization of the previously referred graph and
thus for a suitable visualization of the dofs for high-order nodal and edge elements for any polynomial degree. The construction of a spanning tree
of this graph is not more involved than the construction of a spanning tree of the well-known vertex-edge graph of the original mesh. Indeed, the
visualization o the new selected arcs, namely those that do not result from the splitting of edges of the mesh, is the same in all the faces and at
the interior of all the tetrahedra of the mesh. If the domain is not simply connected, the kernel of the curl operator is bigger than the image of
the gradient operator. The spanning tree has to be enriched of one edge (called, the fastener) for each generator of the first homology group, thus
resulting on a “belted” spanning tree’4=.

Whitney edge elements® are widely recognized as a useful tool for computational electromagnetism2. They offer a simple construction of

polynomial differential forms on simplicial complexes”&. Their associated dofs have a very clear physical meaning (circulation of the approximated

O Abbreviations: Spanning tree for high-order edge elements
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field on the edges of the element)©. Because they model the curl kernel well, the matrix associated with the curl-curl operator is singular, and this
singularity is related to the graph whose geometrical realization is the finite element mesh. Specifically when the domain is simply connected, a
tree-cotree decomposition of the arcs of this graph is used to classify dofs into dependent and independent ones for the curl operator?. In fact,
a vector potential with fixed values of its independent dofs (identified by means of the tree) is uniquel®L. This was successfully applied in a
three-dimensional magnetostatic problem22 and also in a nonlinear eddy current problem22.

In the development of high-order extensions of Whitney edge elements, the classical approach14121¢jntroduces moments to define the needed
dofs. Such a construction includes dofs associated with faces and tetrahedra that can not be interpreted as field circulations along edges and
consequently it does not allow for an immediate geometrical realization of its associated graph. The approach proposed in11718 generalizes to
higher orders the methodology of Whitney: if one finds a way to represent a manifold of dimension k by a k-chain (i.e., formal sum of mesh
simplices of dimension k) then by duality one knows how to represent a field by a finite weighted sum of basis fields (the Whitney forms).

In this work, we follow this approach that yields new dofs for high-order approximations, the so-called weights<1229 |n the case of nodal
elements, they are the classical functionals that associate with a function its values at the small vertices, that are the nodes of the principal lattices
of the mesh elements. In the case of edge elements, they are functionals that associate with a field its circulations along the small edges, that
are the edges of the small tetrahedra18. These weights are relevant, since they pop up naturally when we generalize Whitney construction to
the high-order case. Note that, each small edge can be localized either (i) on an edge of the mesh, or (ii) at the interior of a face of the mesh or
(iii) at the interior of an element of the mesh. The small edges for high-order extensions of Whitney 1-forms are always linking adjacent points of
the principal lattice of the same order. They have the same orientation and are parallel to edges of the mesh. When dofs are weights, the matrix
representative of the gradient is an incidence matrix (between small edges and small vertices) for any polynomial degree’2l. On the other hand, the
duality property between unisolvent dofs (circulations on small edges) and generators of the finite element space is lost in the high-order case if all
the edges of the small tetrahedra are considered. Duality is recovered by choosing an appropriate subset?2 of the small edges. The resulting graph,
with the principal lattices of the mesh elements as nodes and this subset of small edges as arcs, is an oriented connected graph. Let us consider
the canonical basis of the nodal and edge finite element spaces for the weights supported on the nodes and arcs of this graph respectively. In
this context, we are interested in the matrix that represents the gradient as a linear operator between finite dimensional spaces. This means, the
matrix that computes the circulations along the small edges of a field that is the gradient of a nodal finite element function, knowing the values of
this function at the nodes of the principal lattices of the mesh elements. It is easy to see that this matrix is the transpose of the all-node incidence
matrix of the graph. In the simply connected case, the gradients of the nodal finite elements fill-in the kernel of the curl operator acting on edge
finite element functions. Then the selection of a spanning tree of this graph is a useful tool for the identification of high-order potentials23 or for
the tree-cotree gauge within high-order approximations. In this contribution we propose an efficient algorithm for the construction of a spanning
tree of this graph.

The outline of this work is as follows. In Section 2 we introduce the fundamental notion of small simplices. In Section 3 we explain how to use
this notion to define basis and dofs for high-order Whitney finite elements, and we introduce the high-order graph induced by the supports of
these dofs. We then relate this graph with the matrix that represents the gradient operator on the canonical bases. Finally in Section 4 we present
the algorithm for the construction of a spanning tree of the high-order graph and some considerations on its particularities.

2 | SMALL SIMPLICES

Let T = (V, E, F, T) be a tetrahedral mesh of the polyhedral domain © of R3, where V is the set of vertices, E is the set of edges, F is the set of
faces, and T is the set of tetrahedra of 7. Let A;(7") denote the set of d-simplices of the mesh, for d € {0, 1,2, 3}, thus Ao(7) =V, A1(T) = E,
Ao (T) = F,and A3(T) = T. Let us fix an orientation on each edge, face, and tetrahedron of 7. This can be done by choosing a total ordering
of the vertices in V' = {vi}f\;"l and by associating with each d-simplex of the mesh, S € A4(T), an increasing function mg : {0,1,...,d} —
{1,..., Ny }. The oriented d-simplex S is hence given by S = [V'V”S(0>’ .. ’VmS(d)}‘

For S € A4(T), we denote by A,(S) the set of £-simplices contained in S, for £ € {0,...,d}. Foreach ¥ € A,(S) with¢ € {0,...,d — 1}, if
S = Vs (s
eachi € {0,..., £}, mx (i) = ms(ms(4)).

Forr,d € N, let us set

. ,vms(d)] and X = [vmz([]) e vmzm}, then there exists a unique increasing map mg :{0,...,¢} = {0,...,d} such that, for

I(d+17T) = {"7:(7707~~~,77d)€Nd+1 : ‘77|:7”}u
being || := 3, 7:. The cardinality of Z(d + 1,7) is equal to (7'$d) = “erDi)!'
For a point x in a d-simplex S € A4(T) (with d € {1, 2, 3}), we denote by Ag(x) = (Ais(o) (%), )\E’LS(d) (x)) the vector of its barycentric

coordinates with respect to the vertices {v., 5 (o), - - - , Vmg 4 } f S. Each function Afns : S — Rsatisfies the property )‘fns(/z) (Vg (5)) = 95,05

()]
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with 2,7 € {0, ...,d}. The functions Afng(é)
properties of representation of points and partition of unity, namely

are positive at the interior of S, and non negative on S. The barycentric coordinates also satisfy the

X = Z)\ms(])(x)va(J) and Z)\ (J>(x =1

Lett € T, foreachi € {1,...,nv}wedenote)\i:QaR

Aﬁm“)(x) if xetandi=m(¢) with £€{0,...,3}
Ai i X Ai(x) = )
0 otherwise.
The set of real valued polynomials defined on S of degree less than or equal to r is denoted by P, (S) and the subspace of P, (S) of homo-
geneous polynomials of degree r is denoted by Pr. (S). We have dimP;. (S) = (") and dimP,. (S) = ("T9~"). When S is reduced to a single
point, then P;. (S) = Rforall» > 0. Forany S, if r < 0, then P, (S) = {0}. Itis known that the barycentric coordinate functions )\is(i) constitute

a basis for Py (S). Given S € Ay4(7T) and o € Z(d + 1, r), we define the continuous function
AZ i x = AZ(x) = 119, [Afns(j)(x)] 7
It holds that P (S) = Spang ez(d+1,r) {AS }-

Definition 1 (Principal lattice of order r + 1). Given S = [mg(0),...,mg(d)] and an integer » > 0, the principal lattice of order r + 1 in the

d-simplex S is the set of points

1 2 T
Lyy1(8) = S A 0, , e ,10,0<5<dy.
+1(5) {xe mS(J)()G{ Ul 1 } J }

Equivalently,
d

Lri1(S)={xef:x Iﬁl Zﬁj Ving(j), YBEI(d+1,r+1)

In what follows, to give a general definition (in the sense of the ambient dimension ¢) of the small ¢-simplices (with 0 < ¢ < q), we consider a

mesh 7 of a g-dimensional domain €, where S € Aq(7~') is a triangle (resp. tetrahedron) when ¢ = 2 (resp. ¢ = 3).

Definition 2 (Small ¢-simplex). Let S € Aq(7~’) and a € Z(q+ 1,r), for an integer »r > 0. The small g-simplex {a, S} is the g-simplex with

[
T+1j:0 g+ 1 i | Vimg(5)

and 1/(r + 1)-homothetic to S. Forany X € Ay (S), the small £-simplex {c, X} is the £-simplex which is parallel, equally oriented to 3 and belongs

barycenter

to the small g-simplex {a, S}.

It is worth noting that the small ¢g-simplices do not pave the g-simplex S. In other words, depending on r, geometric shapes not homothetic to
S, such as octahedra or reversed tetrahedra (resp. reversed triangles) for ¢ = 3 (resp. ¢ = 2), appear together with the small ¢g-simplices in each
S e Aq(7~') to completely pave S (as detailed in Table .

Number and type of shapes associated with L, 1(S)

in a tetrahedron 5 | (" j; ) small tetrahedra (TJ3r2) octahedra (Tgl) reversed tetrahedra
inatriangle s | (" ; ) small triangles (T;rl) reversed triangles
inasegment S | ("1") small edges

TABLE 1 Number of small £-simplices, for ¢ > 0, and other shapes in a ¢-simplex S as a function of the polynomial degree r + 1, with r > 0.

In Figureis presented a triangle f = [ng,n1, n2] together with its principal lattice L,1(f) for r = 2. In grey we have the corresponding
family of small simplices. In Figure|2|we have the small simplices associated with the principal lattice L3(t) in a tetrahedron t = [ng, n1, n2, n3).
The resulting decomposition of ¢ includes 10 small tetrahedra, and also 4 octahedra and 1 reversed tetrahedron. On each face of the boundary of
t we can see 6 small faces and 3 reversed triangles. Note that each edge of ¢ is decomposed in 3 small edges.

The small simplices are of key importance in the generalization of Whitney finite elements to higher order. Indeed, they allow to make a list of

the generators of any polynomial degree of the finite element spaces and constitute the support of new dofs, the weights, for the representation
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ng = {(2.(){)2. [no]}

yny = {(0,0,2), [n]}

{(u.l.mn\ljy*”/ \**1(&1.1),{”2]}

FIGURE 1 Principal lattice L3(f) in the face f = [ng, n1,n2], with the visualization of all the small simplices. The label of the small simplex

{(0,1,1), [no, n1,n2]} and of some of its sub-simplices are indicated for illustration.

INS
NOAN
S

s S

VR
1‘%

FIGURE 2 (Taken from reference [25]). Principal lattice L3(t) in the tetrahedron ¢ = [ng, n1, n2, n3], with the visualization of all the small simplices.
Each face of the boundary of ¢ is decomposed in 6 small faces and 3 reversed triangles (highlighted on the left with red solid lines). The decomposition
of ¢ includes 10 small tetrahedra, 1 reversed tetrahedron (highlighted at the center with red dashed lines) and 4 octahedra (one is highlighted on
the right in green).

of fields in these spaces (together with a direct geometrical visualization of the tree-cotree structure that we discuss in the last part of the present

work).

3 | HIGH-ORDER WHITNEY EDGE ELEMENTS AND THE HIGH-ORDER GRAPH

For a more compact presentation, we rely on the notation of the finite element exterior calculus. It is well known (see’2420) that the proxy fields of
the space of trimmed polynomial differential forms (usually denoted by 7?T_+1A’C (7)) are the finite element space of Lagrange of degreer +1 > 1
if kK = 0, the first family of Nédélec finite elements of order r 4 1 conforming in H (curl; Q) if £ = 1, the first family of Nédélec finite elements of
order r + 1 conforming in H(div; Q) if k = 2, and discontinuous elements of degree < r if k = 3. Let d be the exterior derivative for differential
k-forms for k < d.

Definition 3 (Whitney k-forms). In a tetrahedron ¢, Whitney k-forms associated with S € Ay (t) are the fields

)\ms(o), WltthO, S = [nms(o)],
wg =
k j :
Z]’:O (71)])\m5(j)dws_["ms(j)]’ with k& > 0, S = [nms(o), .. .,nmS(k)].

In particular, for k = 1 the exterior derivative d corresponds to the gradient operator and Deﬁnition@yields

Ws = Ams (0) 87 Amg (1) = Amg (1) 81ad A g (0)-

Whitney k-forms of higher degree in each tetrahedron ¢ can be associated with the principal lattice in ¢ as recalled in the next Definition.

Definition 4 (High-order Whitney k-forms). In a tetrahedron ¢, Whitney k-forms of higher polynomial degree are the fields
Ws = Ato‘va

for all the small k-simplices s := {a, S}, with @ € Z(4,r) forr > 0,and S € Ag(t), being wg the Whitney k-form associated with S. The space
of high-order Whitney k-forms in t is

P AF(f) = Span {w, : s = {@, S}, € T(4,7), S € Ag(t)} .
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Fields in P, ; A*(t) are defined as products between a field in P, A¥(t) and the continuous function A%, with & € Z(4,r). Therefore, fields

r+1
in P, ; A*(t) enjoy the same conformity properties as those in Py A (¢)5.
Definition 5 (Weights on small k-simplices). For a polynomial k-form u € P;_HAI“ (t), with0 < k < 3and r > 0, the weights are the real numbers
U, (1)
{a,S}

for all the small k-simplices {, S}, with o € Z(4,r) and S € Ag(t).

The weights of a high-order Whitney k-form v € 7>T_+1A’C (t) along all the small k-simplices {c, S} of a mesh T~ are unisolvent22 Proposition 3.14
namely if u € PT_HA’“(t) is such that f{a spu= 0 for all the small k-simplices s = {ex, S}, then u = 0. The small k-simplices can thus support the
dofs for fields u € P__ A’“(t). Since the result on unisolvence holds true also by replacing t with ¥ € A, (%) (for k < £ < 3), then the respective

r+1
trace of u over any & € Ay(t) (trace that lives in 73;+1A’“(2)) is uniquely determined by the weights localized on small k-simplices in . We thus
can use the weights on the small k-simplices {«, S} as dofs for the fields in the finite element space P;_,_lAk(T), being aware that their number

is greater than the dimension of the space.
The weights given in Definition |§| have a meaning as cochains and this relates directly the matrix describing the exterior derivative with the
matrix of the boundary operator. The key point is the Stokes theorem fc du = fac u, Where u is a (k — 1)-form and C a k-chain. More precisely,

ifu € P AF1(T) then du € P, A%(T) and

du = / u = Z B{OL,S},{B,E} / U, (2)
{e,5} o{a,5} 8.2} (8,5}

being B the boundary matrix with as many rows as small k-simplices, and as many columns as small (k — 1)-simplices. The small k-simplex {c, S}
inherits the orientation of the k-simplex S, so the coefficient B(a,5},{8,5} IS equal to the coefficient Bg 5; of the boundary of the simplex S if
B = a and zero otherwise. Therefore, Bg 5, is 1 or —1 depending of whether the orientation of X matches or not with the orientation induced by
that of the k-simplex S oniits (k—1)-face 3, and Bg 5 is zero when X is not part of the boundary of S. This fact is straightforward if dim(X) > 0, but
also when dim(X) = 04Y For k = 1, note that the matrix B{a,s},{B,=} IS an incidence matrix between small edges and small vertices; moreover,
it is an all-node incidence matrix of a (non connected) graph, whose geometrical realization is shown on the right of Figure@

Remark: For k = 1, in order to have B an incidence matrix between small edges and small vertices, some points in the principal lattice have
different labels. The point ﬁ Z?:O [[3 +n5] Vin, ()] € La(t), with m = (2,0,1,0) has a label as the small vertex {(2,0,0,0), [n2]} (the brown
point in the fragmented visualization) and also as the small vertex {(1,0, 1, 0), [no]} (the black point in the fragmented visualization). However,
the 0-forms associated with the different labels are the same. Indeed, {(2, 0,0, 0), [n2]} corresponds with the 0-form )\Ent(o)w"Z = )\%0 Any and

{(1,0,1,0), [no]} with the 0-form A, (0) A, (2)Wno = AngAngAng = )\%0)\@, and we can see that “both” 0-forms are actually the same.

. {(0,0,0,2), [ng, n1, na, ":3]}. {(0,1,0,1), [,z s}

NS, N
AN
Ai\‘i,i%‘ {(2,0,0,0), [n2]

{(1,0,1,0), [no]

{(0,1,1,0), [ng, 7

<\

FIGURE 3 (Taken from reference [21]). Visualization (on the left) of all the small simplices associated with the principal lattice L3 (t) in the tetrahe-
dron t = [ng, n1,n2,ns]. The same set of small simplices in a fragmented visualization (on the right), a small tetrahedron in blue, a small face in

green, a small edge in red and small vertex in brown and also in black (note the different labels for the same point in the principal lattice L3(t)).

We say that a set of unisolvent degrees of freedom for high-order Whitney finite elements is minimal if its cardinality is equal to the dimension
of the finite element space. In order to use a set of minimal unisolvent degrees of freedom for high-order Whitney edge finite elements, we have
to disregard some small edges. In fact, it can be proved2Z that to be unisolvent it is enough to consider on each face small edges parallel to two of
the three edges of the face, and on each tetrahedron small edges parallel to three of the six edges of the tetrahedra. Proceeding in this way, the

corresponding set of weights is unisolvent and minimal.
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We use the term active to indicate all the small k-simplices such that Af*wg belongs to a basis of P;HA’“(T), The dimension of the space

P, .1 A*(T) coincides with the number of active small k-simplices in the mesh 7723, We recall the following result26 Proposition 6.4,

Proposition 1 (A basis of P, ; A*(t)). Theset {Afws : a € I(4,7), S € Ag(t)anda; = 0if j < m%(0)} is a basis of P

AR (2).

A possible rule for selecting the active small vertices {e, [n;]} and set of active small edges {«, [n,,,. (0)> "m, (1)]}, that induces minimal and
unisolvent weights, is the same given in Propositionto select a basis of ’PT_HA"'(t).

We denote by dy, and d the dimension of PT_HAO(T) and Pr_+1A1 (T), respectively. We consider the graph G, with nodes the set {qg}?il
of active small vertices (the points of the principal lattices of the mesh elements) and arcs the set {em}dmN:1 of active small edges. Let {¢h,i}f£1
and {whﬁj}?ﬁl be the canonical bases of the nodal and edge finite element spaces for the weights supported on the nodes and arcs of this
graph, respectively. This means that ¢, ;(q¢) = ;¢ and fem wh,; = 0;,m, Where 4. . is the Kronecker delta. For each active small edge e,
we denote by Q. ini and qp,, fin its initial and final small nodes, respectively. It is well known that if the function ¢}, belongs to the space of
nodal Lagrangian finite elements of degree r + 1, then grad «;, belongs to the first family of Nédélec finite elements of degree » + 1, and clearly
fem grad Y5, = ¥ (Am, fin) — Yr(Am,ini)- Therefore when using these canonical bases, the matrix that gives the circulations along the active
small edges of the gradient of a nodal finite element function (knowing the values of this function at the nodes of the principal lattices in each
mesh element) is the transposed of the all-node incidence matrix of the graph G;,,,.

Its geometrical realization in a tetrahedron is shown (in a fragmented version for a friendly visualization) in Figure[d] It is worthwhile to mention
that the set of active weights is proved to be unisolvent in?2. The structure shown in the Figure@]has to be replicated on each tetrahedron ¢ € T.

We thus obtain the high-order graph, G;,,,, over which we can construct the high-order spanning tree, Sj,,.

&R
& £

n3

By
Dbt

FIGURE 4 (Taken from reference [25]). A fragmented visualization of the geometrical realization of the connected graph in a tetrahedron with the

active small edges (in red) as arcs and active small vertices as nodes.

4 | ALGORITHM FOR THE CONSTRUCTION OF THE SPANNING TREE (THE HIGH-ORDER CASE)

Thanks to the additional information given by the geometrical localization of the connected graph G;,,,, formed by the active small vertices and the
active small edges (shown in Figure, we propose in the Algorithma suitable set of rules to construct a spanning tree in the referred graph G;,,
for each tetrahedron; then we use this set of rules to construct a convenient global spanning tree S;,,,, giving in this way a classification rule in the
set of active small edges of the mesh 7. The Algorithm[T]starts by reading the arcs of the spanning tree S. We recall that, in a topologically trivial
domain 2, a spanning tree S can be obtained by applying algorithms such as the Breadth-First search or Depth-First search in the connected and
directed graph G= (V, E). The arcs of G that are not in the spanning tree compose the cotree S¢. For domains with no trivial topology, Algorithm
has to start from the arcs of a belted-spanning-tree S°, that can be obtained by applying AIgortihm

In Algorithm the information on S is saved by mean of a flag associated with each edge of the mesh (if an edge is part of the spanning tree S,
the flag is set to true, otherwise is set to false); when the algorithm is initialized, the flag associated with each face is also set to false (we use
this flag to control the previously visited face in the loop over all elements of the mesh).

The information saved in the flags is used within a loop over all the tetrahedra of the mesh, where the spanning tree S;,, is constructed; in each
cycle of the tetrahedra loop, the previously proposed set of rules is used conveniently. The spanning tree S gives a selection criteria to put some
active small edges of the global graph in the spanning tree Sj,,,. More precisely, all the small edges on arcs of the spanning tree S and all but one
(in particular the last one) the small edges on arcs of the cotree S¢. Then the global spanning tree Sy, is further enriched with some active small

edges at the interior of each face (only those faces of the tetrahedra that have not been visited previously), and finally with some active small edges
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Algorithm 1 Initialization
Require: The mesh 7 = (V, E, F, T'), and the first Betti number g > 0 of Q.
Ensure: Logical tree-flag, visited-edge-flag and visited-face-flag arrays.

: if g == 0 then
Construct a spanning tree S* of the graph (V, E') by using a Breadth-First search.
Set S = S*. > If Q is simply connected
else
Construct a belted-spanning-tree S of the graph (V, E) by using Algorithm > If © is not simply connected
Set S = Sb.
end if

: loop overtheedgese € £

D A N

tree-flag(e) «+ false.

s
o

visited-edge-flag(e) <« false.
if e € S then

tree-flag(e) < true. > Reading the spanning tree S
end if

: end loop

N o
ok w bR

: loop over the faces f € F

N
o

visited-face-flag(f) « false.

-
N

: end loop

ng,o3 =0

ny

FIGURE 5 The spanning tree Sy, (in green) on a tetrahedron ¢ = [ng, n1, n2, n3]. On the left, the subgraph corresponding to active small edges on
the edges and in the interior of the face f = [ng, n1, n2], and the corresponding part of the spanning tree Sj,,. The red arcs belong to the spanning
tree Sy, if and only if, its corresponding edge e belongs to the spanning tree S. On the right, the active small edges in the interior of ¢ belonging
to Sy, are visualized, (note that for a friendly visualization, some active small edges were omitted in the figure). In this example we are considering
r=4.

at the interior of each tetrahedron. The proposed algorithm can be executed as part of pre-processing step. The algorithm requires as input the
mesh 7 and the first Betti number g of the domain €; it gives as output the previously mentioned flags.

At a first sight, the Algorithm seems to work on a graph Gj,, with much more nodes and arcs than G (the one in the low-order case). In
reality the high-order graph G;,,, (and its incidence matrix) is not realized. We have used it only for visualization purposes. However, each arc in the
high-order graph G;,, corresponds with a dof (and hence with an element of the canonical basis). Therefore any action on the set of dofs can be
"visualized" as an action on this fictive graph. In Algorithm |Z|we use only the low-order graph and make a local choice of dofs, this is done once on
a reference element (as in Figure and then applied repeatedly on the elements of the mesh. The local choice has to guarantee that the merge of
all local spanning trees is a spanning tree of the (virtual) high-order graph, as illustrated in Figure@ Algorithm implements the choice illustrated
in the figures.

In Figurewe can see the structure of the spanning tree Sj,,, (in green) given by the Algorithm considering the case r = 4 in a mesh with a
unique tetrahedron ¢ = [ng, n1, n2, nal; ared arcis in Sy, if its respective (big) edge is in the spanning tree S, otherwise is out of Sy,

In Figure|§|we can see the structure of the spanning tree S;,, (in green and red) given by the Algorithm@ considering the case r = 4 in a mesh
with two tetrahedra. It is worth noting that the red arcs in this figure correspond to the red arcs in Figure|§]be|onging to Spo-
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Algorithm 2 A spanning tree of active small edges

Require: The mesh 7 = (V, E, F, T') and logical tree-flag, visited-edge-flag and visited-face-flag arrays.

Ensure: A (belted-) spanning tree S, of the graph G;,, with nodes: the active small vertices; and arcs: the active small edges.

1: loop over the tetrahedra ¢t < [ng,np,nc,ng] € T
2 loop over the faces f < [n;,n;, ng] € Aa(t)
3 if visited-face-flag(f) == false then
4: loop over the edges e < [np, ng] € A1(f)
5 if visited-edge-flag(e) == false then
6 if tree-flag(e) == true then
7 add to Sy, the small edges {a, e}, V o € Z(4,r) with amife(o) =0and amife(l) =0.
> All the small edges {, e} over the edge e.
8: else
9: add to Sy, the small edges {«, e} for the » — 1 first indices o € Z(4, r) with At (0) =0and Cppt (1)=0.
> first is always intended in the reversed lexicographical order.
10: end if
11 visited-edge-flag(e) + true
12: end if
13: end loop
14: for Ut (2) ¢ l1tor —1do
15: add to Sy, the small edges {«, [nmf(O) , "mf(lﬂ} for the r — At (2) first indices o € Z(4,r) with Ut (0)=0.
> Adding small edges {«, [nmf(o)»”mfu)}} of the interior of f to Sj,,.
16: end for
17: visited-edge-flag(f) «+ true
18: end if
19: end loop
20: foraz + 1tor —2do
21: foraz « 1tor — (as + 1) do
22: add to Sy, the small edges {a, ["mf(o),”mf(l)}} for the r — (a2 + a3) first indices o € Z(4, 7).
> Adding small edges {c, [1,,, 0y om, (1))} Of the interior of ¢ to Sp,.
23: end for
24: end for
25: end loop

Proposition 2. If Q2 is simply connected, the number dg,  of small edges in Sy, is (dr — 1).

Proof. For r = 0, the small edges coincide with the mesh edges and their number in S is (Ny — 1). Moreover, Ny, = dp,, thus the property holds

true forr = 0.

For » > 0, we recall that d;, can be rewritten as

dr = Ny 4+ Ng dim P,_1(e) + Np dim Pr_o(f) + Np dim Pr_3(t)

where Ny (resp., Ng, N, Nt)is the number of nodes (resp., edges e, faces f, tetrahedra t) in the mesh over Q. By the proposed algorithm, the

number dg, = of active small edges in the spanning tree Sy, can be counted as follows

r—1 r—2 r—(g+1)
dShD:(T-l-l)#S-i-T#SC-i-NFZ(r—q)—i—NTZ[ Z r—(g+s)]
q=1 g=1 s=1

with cardinalities #S = (Ny — 1) and #8¢ = Ng — (Ny — 1). Note that

2 - 2

r—1 r—1 r—1
St-g=r3S1-Yg=re-n- DD ginp ).
q=1 q=1 q=1
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FIGURE 6 The spanning tree Sy,,, (in green and red) on a mesh 7~ with two tetrahedra. The arcs of the spanning tree S in blue. It is worth noting

that the red arcs in this figure correspond to the red arcs in FigureElbeIonging to Sp,. In this example we are considering r = 4.

Moreover, for the last termin dg, = we have

r—2r—q—1 r—2 r—q—1 r—qg—1
DI r—a=9]=> [(r—a > 1- 5]
g=1 s=1 q=1 s=1 s=1
1 r—2 1 r—2 r—2 r—2
=5 Y=o —a-DI= 5 ¢ @ -DY g+rr-1 Y 1]
g=1 q=1 q=1 g=1
1.1 1
:5[6(1"—2)(1”—1)(27"—3)—5(2r—1)(1“—1)(T—2)+r(7‘—1)(r—2)}
1 r 1 1 1
:5(7“—1)(7"—2)[5—5-1—5—1”—1—1@:ér(r—l)(r—Z)

that is indeed dim P,._3(t). Summing up, we get
ds,, = Ny =1+ NgdimP,_1(e) + Np dimPr_2(f) + Np dim P, _3(t) = d — 1,
thus the property. O

Remark: If Q is not simply connected, let g be the first Betti number of 2, namely, the number of homologically independent non bounding cycles in
€. The algorithm can be easily generalized to this case by replacing the global spanning tree, S, with a global belted-spanning-treem, St thathas g
additional arcs. Hence, the number of arc in the high-order belted-spanning-tree SZO is dS;,w = dy, — 1+ g. For more details on the computation of
g and the construction of a belted-spanning-tree, seeZ8R29B0BIR2 Note that Algorithm 2 has to start from the logical arrays tree-flag, visited-edge-
flag and visited-face-flag filled in considering the belted-spanning-tree SP. The latter can be constructed as detailed in Algorithm 3. For example,

if 2 is an empty torus, we have g = 2 and a belted-spanning-tree is presented in Fig.(right).

40" a0 W w0 -0 0 o 2w 00

FIGURE 7 The mesh (left), the 2 cycles (center) and the belted-spanning-tree (right) computed from Algorithm 3.
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Algorithm 3 Computing a belted-spanning-tree when € is not simply connected (g > 0)
Require: The mesh 7 = (V, E, F,T).
Ensure: A belted-spanning-tree Sb.

1: Compute the g homologically independent not bounding cycles v1,~2, ..., v in T.

> We assume that the g cycles v1, 2, ..., 74 are mutually disjoint and without self-intersection.

> This can be done by relying on the Smith normal form in Z as explained in2%32,

2: fori«+ 1togdo
3 consider the i-th disjoint cycle v; = 3, ¢l e, with ¢ € {—1,0,1}
4 select one edge, say e’ € v, that does not belong to Ui<j<i—1 i
5: define y; = v; \ {e*}
6: end for
7 complete the acyclic sub-graph corresponding to | J_, #; to get a spanning tree S of the graph (V, E)
8 define the belted-spanning-tree S® = S|JY_, {e'}.

It has to be said that in the lowest order case, the conditioning of the linear system gets worse once the gauge is applied and some work has been
done to try to avoid it3 For the high-order case, some tests on three-dimensional eddy current problems are done in® where the magnetic vector
potential based formulation is gauged by regularization instead of by the imposition of dofs associated with the arcs of a (belted) spanning tree.
Some numerical tests will be done to see how badly the fact of gauging affects the "effective conditioning" of the system matrix in the high-order

case, where effective conditioning means the ratio of eigenvalues of the matrix but not considering the (nearly) zero ones.

5 | CONCLUSIONS

The weights, namely integrals over mesh sub-simplices, are natural dofs to adopt when the solution is a cochain on a simplicial mesh. They allow
to extend straightforwardly the classical tree-cotree techniques from the low-order to the high-order case, since there is a correspondence of dofs
with geometrical entities, the small simplices, that constitute a graph. In this work we have presented an algorithm for the construction of a (belted)
spanning tree of this graph. The construction is based on a (belted) spanning tree of the graph given by vertices and edges of the mesh (the so-
called global (belted) spanning tree). Then a loop by elements enriches this initial (belted) spanning tree with arcs corresponding to face dofs (only
those faces of the tetrahedra that have not been visited previously) and with the arcs corresponding to the volume dofs. The enrichment in each
element is the same for all elements. Gauging through such a tree-cotree approach (applied to the dual graph with the small triangles as vertices
and the small edges in common as arcs) has been successfully applied in the frame of high-order reconstructions of a Darcy flow in a 2D domain
starting from its weights on the small edges@. Further numerical investigations are however necessary to analyze how this gauging influences the
conditioning of the final algebraic system associated with an electromagnetic problem.
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