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SKIPPING TRANSITION CONDITIONS IN A POSTERIORI ERROR
ESTIMATES FOR FINITE ELEMENT DISCRETIZATIONS
OF PARABOLIC EQUATIONS

STEFANO BERRONE!

Abstract. In this paper we derive a posteriori error estimates for the heat equation. The time
discretization strategy is based on a #-method and the mesh used for each time-slab is independent of
the mesh used for the previous time-slab. The novelty of this paper is an upper bound for the error
caused by the coarsening of the mesh used for computing the solution in the previous time-slab. The
technique applied for deriving this upper bound is independent of the problem and can be generalized
to other time dependent problems.
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1. INTRODUCTION

A posteriori error estimates and adaptive algorithms are important keys in pursuing efficient and accurate
discretizations of partial differential equations. Since the pioneering work of Babuska and Rheinboldt [1], these
topics have become an important field for scientific computing [2,8,11,15,19,22]. Many works were devoted to
elliptic problems and some important results were obtained in the parabolic case, too [3,10,17,20].

In particular, in [17] a residual based a posteriori error estimator and an adaptive strategy without coarsening
were proposed. In [20] a robust residual based a posteriori error estimator was proposed and, in order to admit
a moderate coarsening, a transition condition was introduced. The assembling of the linear system for each
timestep and the computation of the error estimator are performed therein on a mesh that is a common
refinement of the meshes used for the previous timestep and the current timestep. This introduces great
difficulties in dealing with general adapted meshes. In [5] similar results were extended to the case of the heat
equation with discontinuous, piecewise constant, coefficients.

In this work we present robust a posteriori error estimates for a discretization of the heat equation by
conforming finite elements and a classical A-stable §-scheme, avoiding the transition condition and the need of
a common refinement of the meshes used for the previous timestep and the current timestep. This can lead
to a great simplification in coding the method and make the implementation of an adaptive approach in an
existing code much easier. In fact, assembling the linear system and computing the error estimators require
information from a single mesh at each adaptive iteration and the transmission of the solution of the previous
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456 S. BERRONE

timestep on the mesh used for the current timestep is performed by a suitable projection operator for coarsened
elements and by interpolation for refined elements.

We consider the proposed approach a remarkable simplification for a rigorous coding of a space-time adaptive
algorithm, because we remove the difficulty of dealing with two meshes at every stage of the code.

In our work we explicitly consider the effect of changing the mesh from a timestep to the next one and,
in particular, the effect of the coarsening, taking into account that the new degrees of freedom introduced by
refinement whose values are obtained by interpolation do not introduce any transition error. Then we describe
a bound of the discretization error arising from the coarsening and a bound for the total error in an arbitrary
time interval. We prove an upper bound for the coarsening error by a coarsening error estimator composed by
two terms involving a H!'-norm and a H™!-norm, respectively. In Section 4, introducing a suitable projection
of the old solution onto the new mesh, we also provide an upper bound for the H™'-term leading to a fully
computable upper bound for the coarsening error that, in our approach, is considered as a data approzimation
error. For this reason we do not need a lower bound for it.

The estimates proposed allow us to perform a control of the space-discretization and of the timestep-length
used in each timestep. Further, they allow us to ensure the error of the full discretization to be bounded from
above and from below in each timestep via global-in-time and global-in-space upper and lower bounds. The
ratio between the upper and the lower bounds for the error is independent of any mesh-size, timestep-length
and diffusivity parameter. No hypothesis on the changes of meshes used for two consecutive timesteps are made.
The bounds involve a data-approximation-error in space and a data-approximation-error in time that can be
used to adapt the mesh and the timestep-length in each timestep.

The main results of this paper are Theorems 3.5 and 3.9 that give an upper and a lower bound for the
discretization error. In these theorems we give an upper bound of the effects in the discretization error caused
by the coarsening applied between two subsequent timesteps.

The a posteriori error estimates proposed can easily be extended to the case of piecewise constant discontin-
uous diffusivity coefficients assuming a quasi monotonicity condition [4,9,16] as in [5].

Let us introduce some notation. The symbol a = b means that there exists a constant ¢ independent of any
mesh-size, timestep-length and problem parameter such that a < ¢b. The symbol a =< b means that a =X b and
b= a.

The paper is organized as follows: in Section 2 we define the considered problem and the discretization
method. In Section 3 we define the error estimators and derive lower and upper bounds for the error considering
the error introduced by the coarsening in transmission of the solution from one mesh to the next one. In
Section 4 we describe a suitable projection operator that allows to bound from above the H™'-norm present in
the coarsening error estimator. In Section 5 we present some numerical test comparing the performances of a
simple adaptive algorithm based on the proposed estimates and on the common refinement approach based on
the two meshes. In the Appendix we report an example of construction of the dual basis functions introduced
in Section 4 for the 2D linear finite elements when the mesh modification can introduce hanging nodes.

2. THE HEAT EQUATION

2.1. The continuous problem

Let Q be a bounded Lipschitz continuous domain in R? with boundary 92 and let (0,7') be the time interval
of interest. For any feL2?((0,7);L?(Q)) and U’ €L?(Q), we want to find U : Q x (0,7) — R such that

a@—g —kANU = f, in Q x (0,7), (2.1)
U(z,t) = 0, on 90 x (0,7), (2.2)
U(x,0) = U°x), in Q.

Let the domain €2 be a polygonal domain and x > 0 the diffusivity parameter.
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Setting

W= {uerto.nsm) - 5 el o.mrm @)}

the variational continuous formulation of the above problem is:
Find U€eW such that U(.,0) = U° and

<é;_[tjvv> + (K VU, Vv) = (f,v), YveH}(Q), ae. in(0,7). (2.4)

Here (., .) stands for the duality pairing between H™!(Q) and H}(€), and (., .) is the usual inner product
in L2(Q). If UeW, then U€C°([0,T]; L2(Q2)) and the initial condition U(.,0) = U° is meaningful in L%(Q).

2.2. The numerical discretization

Let us consider a partition of (0,7) into subintervals (t”_l, t") of length 7" =" — "1 with 0 =t < ¢! <

<t =T set I = [t”_l, t"} . In each time-slab 2 x I", n > 1, we consider a regular family of partitions 7,"
of  into elements K €7, which satisfy the usual conformity and minimal-angle conditions [6] and we denote
by h% the diameter of the element K €7,".

Let V' CV = H}(Q) be a family of conforming finite element spaces based on the partitions 7;":

Vi = {op eHY(Q) N @) : vy, €P;(K), YK €T}

We recall that P;(K) is the space of polynomials of degree ¢ > 1 on the element K € 7,”. In case we allow
different polynomial degrees of the finite element spaces in different timesteps, we assume a global in time upper
bound for that.

Given an approximation uy =€V~ Lof yn—1 =U(.,t" 1) we define P"uz;l its projection or interpolation
onto V. For the moment we do not, make any assumption on the operator P

We introduce the continuous in space, piecewise affine in time approximation of the solution U(x,t) on the
time-slab € x I™:

u"(x,t):ﬁuz;(zw — PrupNx),  tel",  zeq, (2.5)

being u" € Vi x I" and uy, ., P"uh . € V}. Moreover, let us define

tn_tn

t— ¢t o tn—t
Z T U @) e @) ) X weR (2.6)

The approximation « is a continuous function in time on the whole time interval (0,7 and in each time-slab is

a continuous transition from uz;l c V;fl to up . € V3. We remark that forn=1,...,N and Vt€I"
tn—t .
u = u" — T 5“2,7 , (2.7)

m n—1
where (5uhT =P uhT —up -
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Then, we introduce the discretization based on the classical #-scheme for the time integration:
Find up €V} such that

8 n
( 5; )+9 (kY up,, Vo) +( (nVP"uth,Vvh)

G(H']'hf Uh) ( —0) (H'T,Lfn_l,vh), Yo,eVy, tel”, n=1,...,N. (2.8)

In the last scalar products of the previous equation we assume that f € C°([0,7];L?(Q2)) and we set f7 =
f(.,t7) for r =n or n — 1. Moreover we introduce an arbitrary polynomial approximation Ilz, f of the data f.

Remark 2.1. All the approximations of the solution U involved in the scheme (2.8) are defined on the mesh
of the current timestep 7, and not on the two meshes 7;* and 7,"~" as in [20].

3. A RESIDUAL-BASED A POSTERIORI ERROR ESTIMATOR

In this section we derive a residual-based error estimator for the fully discretized model problem following
the work in [5,17,20]. In particular, we shall derive global-in-space, local-in-time upper and lower bounds, as
well as global-in-space, global-in-time upper and lower bounds. In our estimates some terms depend on the
possible coarsening of the mesh from the previous timestep to the next one. Our target is to set up an estimator
bounding the error introduced by the coarsening of the mesh and the transition of the solution from the mesh
used in the (n — 1)th timestep and the mesh used in the nth timestep.

First, we introduce some notation which will be used for the construction of the estimator, more detail can
be found in [5].

3.1. Definitions and general results

For any K € 7, we denote by £(K) the set of its faces (edges if d = 2); we denote by &' = Uker £(K)
the set of all faces of the partition 7,*. Moreover, we split &' into the form &' = 5[5,9 Uf,‘,?ﬁQ with 5,’;79 =
{Eeg : EONY, ERon = {Eeg): ECOQ}. For any face E € & we define: wf, = U K’  and to

{K’": E€g(K")}

any face E € &' we associate an orthogonal unit vector ng and denote by [.]z the jump across E in the
direction ng. Let us denote by K the reference element and by E the reference face as shown in Figure 1 on the
left for d = 2. Let A\;, ¢ = 0,...,d be the barycentric coordinates on the reference element, then the reference
element bubble function is b (d+ 1™ X\gA; ... Ag, and the reference face bubble function is bE =431 (1—121)
for d = 2 and bE = 27£1£2(1 — I — Z9) for d = 3. Fg : K — K is the affine mapping from the reference
element to the element K € 7, [6,19]. Here we indicate with b}, = bK ) FI;I the element bubble function, that
does not depend on time on a fixed timestep.

Let us introduce the tools for defining a suitable set of orthogonal face cut of functions for triangles and
tetrahedra. Given any E € &g, let K* and K’ the two elements of 7," such that wf = K*UK?, let us
enumerate the vertices of K* and K’ in such a way that the vertices of E are numbered first. Let K be
one of the elements K* and K”, assume that F has vertices @, ...,a4_1 and denote by @. be the barycentre
of the element K; let us partition K into the elements Ky, Ki,..., Ky with K; having E as a face (for the
2D case see Fig. 1, right). Let Fg k : K — K, be the invertible affine mapping that maps the reference
element K onto the element K4. Then we define the face bubble function b}, by patching the two bubble
functions: b%, g = b oF o Kﬁ’ b% Kb = b ) FE «»»> €ach one being not zero only on Kg and KZ, respectively.

We need to define the set &’ B = Kg UKZ that is the dashed area in Figure 2. For the boundary face E that
belongs to the element K only, we naturally identify by with b o = b o FE}K. With this definition of face
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X2

X1

FIGURE 2. The support of the function b%.

bubble functions we have a set of orthogonal functions. This property is also true for the set of element bubble
functions.

Moreover, for the reference face £ we define the extension operator P PE P;(E) — P;(K) which extends a
polynomial of degree 7 defined on the face Ftoa polynomial of the same degree defined on K with constant
values along lines orthogonal to the face E. Then, we define the extension operator Pg : P;(E) — P;(wg) which
extends a polynomial of degree i defined on the face E to a continuous piecewise polynomial of the same degree
defined on wf by patching the two operators: PE‘Kn = Fyy 0 75E o FI;”I\E and 7>E|Kb =Fkv o 75E o FlzbllE

Thanks to the regularity hypothesis, there exist constants only depending on the quality of the partition such
that for each n =1,..., N we have b’} < h'k, VE € £(K).

Moreover, let us recall the following properties of the quasi-interpolation operator of Clément I, : V — VJ,
[7] in which the sets @} and @} are suitable patches of neighbouring adjacent elements to the considered
element K or an edge/face E.
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Lemma 3.1. Let K €7, and E €&y, be arbitrary. Then we have the following interpolation error estimates:
lo—Twvllyxe < Clahi|Vollggy, YoeH(oR), (3.1)
lv—Twvllg < Clay/RE[Vollggy. Yo eH (@), (3:2)

the constants Clg and Clg depending only on the smallest angle in the partition.

Let us consider the space H}(£2) equipped with the norm

loll2, = || VEVoll =5l Vol

and denote by

(F, v) £y
sup

£
very @) 1011 VE

Kk,—1

the norm of the dual space H=1(().
Let us define the error of our approximation u™ in the interval I™ as

e =u"-U
and the error of our continuous in time approximation u as
e=u—U.
We remark the following relation between e™ and e derived from (2.7):

t" —t
e” = 6+m (S’U,Z;l, Vt S In . (33)

Definition 3.2. Let us define the residuals and inter-element jumps of our approximation u":

oum

Rje (") = 50

)
K

e gy — o Q8 gy OP
Z K (u"), pu") = ’@%Jr( —0)r “ong E'

KeTy

—(1=0) kA P up = 0T0g, " — (1-60) g, f !

Definition 3.3. Let us define the following local-in-space-and-time estimators:

+12h%

0.K Eeg(K)NER o

(uhT_Pnuh‘r)

5 ) 1 2 2
()" =7 | h50)° || 5= Ricw)

< TB")

0,E

2
(7 )
Then, we define the following global-in-space-and-local-in-time estimators

M = > (k) =Y (k)

KeTy KeTy

HO,K'

n—

n 2 t" 2 23 2 g2 2 Y22 2
(nf,HTh) = /. If =T f Il —ydt, (17)" = (nf o) + (”fVHTh) :

(or) = [ M -0tttz |t
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Finally, we define the following global-in-space-and-time estimators:

N N N )
=S "R =Yt =Y ().
n=1 n=1 n=1

In the sequel we will derive upper and lower bounds for the error e involving the following norms:

maum={/
tn—1

2

. 1
dt+/ lell? dt
K,—1 tn—1 ’
1
2 tn 2
e [ NelZade) o
K,—1 tn—1 ’

Remark 3.4. Following considerations of [17,20], and numerical experiments of [5], we can say that n} is a space
error estimator related to the quality of the partition 7,*. When the mesh is suitably adapted, the quantity n2

gives information on the error due to time discretization. Moreover, n;n]HT gives information essentially on the
’ h

(7]

space-data-approximation error, and 0§07 O1 time-data-approximation error.
.0,

de

ot

de

ot

N "
wmmm{2</
=1 tn—l

n

Let us define t%" = 0" +(1 — §)t"~!, in the following we will use often the properties:

n n t—t" n
U —Upr = W( h,T Puhr)7
t_tn—l
Pn“hr = W( ,_Pn“hr>7
0 (u" — u? 1-6 _pn — ﬂ L —P" 3.4
(’LL uh7T)+( ) U’ uhT - tnitnfl h,T uhT . ()

3.2. Global-in-space, global-in-time upper bound

The following theorem gives the final upper bound of the error:

Theorem 3.5. Under the assumptions on the continuous problem (2.4) and on the discrete formulation (2.8),

there exist constants C;;t:z for each n =1,...,N, and COT’T maXp—1,... N CT " . independent of any meshsize,
timestep-length, problem-parameter, but depending on the quality of partztzons T, such that the inequality

m
2 2 2 2 2
Ol t™) 12+ T e 12 fomy < 9 (1) [+ CET S [0 + ()

1 _ .
+(n}1)2+7—_n‘ n—1 1

+ 7"

Kk,—1

2
1], vm=1,...,N (3.5)

holds true.
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The last two terms in (3.5) represent a coarsening error estimator, in Section 4 we shall provide a suitable
upper bound for the H™! term. To prove this theorem we first start with the following proposition:

Proposition 3.6. Under the assumptions on the continuous problem (2.4) and on the discrete formulation (2.8),
for each n = 1,... N, there exists a constant C’f:,l independent of any meshsize, timestep-length, problem-
parameter and depending only on the quality of the partition 1, and on the parameter 0, such that

lem I+ [, VRV el < e

m
~t™ n n n)\ 2 n _1 2 1 112
+ Clas ((773)2+(777)2+(nf) S e H(S“Z,Tl’ 1). (3.6)
n=1 ’ Ky,—
Proof. Let us define

om /e 1 mane 1 e o 2

EOm _ 50 ¢ +(kVe,Ve) dt:§|\e(.,t )||0—§He(.,t)|‘0+ H\/EVeHOdt.
t0 +0

Moreover we write

m
0,m __ n—1,n
B =N gt
n=1

where

g~ [ [(%,e>+<wu,Ve>}dt/W [<%—[t],e>+(Wu,Ve>]dt
n n 5un—1 " n __
-/ <%76)+< ) s [ foevan v -G E

tn—1 ot T t

-1
n—1 W (HV(SUZ’T ,6) - (fa 6):| dt
and we subtract to E"~1'" the integral over I" of the discrete formulation (2.8) with Iep - as test function.
We get

n—1,n i ou" n n, n—1
Erln _ Se—Inens ) + (9wuh,,+(1 — 0)RV P ,V(e—[he;m))
tnfl

— (010, /" +(1 = 0) I, [ e — Inen ) } d

o
—|—/ H(RV(u”—uZ’T),Ve)dt—l—/
t

n—1 tn—1

n

(1-6) (nv (u” - P"uz;l) v e)dt

[t gt [ (g -0l £ (1 )T ) e
t

n—1 tnfl
g 5“2;1 g oy
, -1
+/tn71 < e dt_/tn,l tn —gn-1 (HV(S“Z’T ’e)dt'

After integration by parts of the term <9KV up - +(1 = 0)rV P"uz;l, V(e— Iheh;)) we apply Cauchy-Schwarz’s

inequality, inequalities of Lemma 3.1 and Young’s inequality with a suitable choice of constants, noting that



SKIPPING TRANSITION CONDITIONS 463

n 2
ft” L (t" — 1) dt = =~ and ft” L (%) dt = (0> -0+ %) 7", summing over the time-slabsn = 1,...,m,

we conclude that there exist constants C’tn 1. such that

leGat™ I3+ [ VR velae < et [

2 2

n 5|l 1 1
Z Cii |7 | 30 00| o RRG) |+ 3 b | )
KeTpr 0K  pegp, 0,K
n 2 n—1 1 n—1 2
* Z H\/_v<u}”7p uhT ) HO,KJFH(M}“T ,1 +T_”‘ &Lh” K,—1

KeTy

— 2
[t -t -1 - )T g e [ 1||f—nnf||i,_1dt]
t tn—

n—1

and we get (3.6). O

The result given by Proposition 3.6 is an upper bound of the error measured in the L?(Q)-norm at time t™
and in the L2((t%,¢™); H}(2) )-norm. We also need an upper bound in the L2((¢°,¢™); H=1(Q2) )-norm for d e /Ot.

Lemma 3.7. Under the assumptions on the continuous problem (2.4) and on the discrete formulation (2.8) for
eachn=1,...,N and for each t € (t"’l,t”), we have

2 2

2
i) 1
15| =owd ¥ | emeen| b ool 3| e
—1 Kezp K 0,K Eegr g 0.E
n n— t—thn n

L =T f oy o+ ([T f =0T, £ (1= 0) T f 1| 4o 1HfV( =Pt ||
+][VEVell +iH5u"—1 | +tn7_tHéu”—1 | (3.7)

0 gn b Jlg,—1 tn — g1 bt g1’ '

Proof. Let us notice that

— (G 0) (9 (0u 0= 0) P ) 90) = (001, 0= 0) T )

ot
t— o . . .
+ o (n ¥ (it = Prup ) Vo) = (Mg, f ~0Tig, f* —(1 = 0) Tl /")
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Moreover, using (2.8) with v, = Inv, v € H§(), applying Cauchy-Schwarz’s and Holder inequalities and
Lemma 3.1 we get

B 3
de L1 2 ,
Bt < sup Clr (hf)™ || —= R (u™) N .
|51, .= o Z | ) 2 VRl
2 % 2
R 2
o Cley 2 b || 7z B (™) > vEvels.,
veri@) 101l 1 Ketn 0.5 e W
1 =t
+ sup m(”v< —P"uhr)ﬂv)
veri(@) vl t" =1
1
+ sup oo (I, f ~0 17, /" —(1 = ) 7, /"7, 0) + sup (f =z, f.v)
vEHL(Q) | v Hn,1 veHE(Q) H v ||

1 1 (oup 1t
to Tl (KVG”,VU)+ Sub e %’v T osup e n n—1 (KV&U’Z;I’Vv)
vEHE(Q) ||UHK,1 vEH] T veHL(Q) ||U|\n,1t —t ,

and then we easily get (3.7). O

Proposition 3.8. Under the assumptions on the continuous problem (2.4) and on the discrete formulation (2.8),
for each n = 1,... N, there exists a constant C independent of any meshsize, timestep-length, problem-
parameter such that

n 1
F 5 e < € [+ o)+ (2 -0+ 3 )

T'V‘L

+

o K,—1 ?

n

n—1
6uh,r

n—1
6uh,r

.
i 1] ws [ VRV @)
K, pn—1

Proof. Applying Young inequality to (3.7) and integrating in time on the n-th time interval we get (3.8). O

Theorem 3.5 is proved by obtaining (3.5) from equations (3.6) and (3.8).

3.3. Lower bound for the error e

We prove that the terms (n??f and (7")* bound from below the error e between the solution of the discretized
problem and the exact solution of the continuous variational formulation.

Theorem 3.9. Under the assumptions on the continuous problem (2.4) and on the discrete formulation (2.8),
there exist constants Cl o1, M= 1,. , N, and C’ 0 = Maxp—1..N Ci i1 independent of any meshsize,
timestep-length, problem-parameter, but dependmg on the parameter 0 and on the quality of the partitions 1"
such that the inequalities

n—1 n—1

+ 7"

Kk,—1

ny\2 2 n\ 2 1
i) + ) < CF | el o+ (0F) t

;] (3.9)
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and for eachm=1,... N

hold true.

3

n—1 n—1

Ms

) < CTy el oum + > (1) +Z

1 n=1

m 2
H’71+ZT m] (3.10)
n n=1

To prove this theorem we consider separately the contributions of the equation residual, the inter-element
jumps and the time error estimator. Then, proceeding as in [5,20], we collect them to get Theorem 3.9.

3.3.1. Equation residual

Here we show how the residual of the equation can bound the error from below on the time interval I"™.
For any element K €7,", let us define the following function in {2

1
h)? —— R (u™) b (z), if z € K,
0, ifrg K,
wﬁ,n = Z wﬁ,z«
KeTy

In what follows we will use the property supp wp  © K.

Lemma 3.10. There exist constants Cr and C%, independent of any meshsize, timestep-length and problem-
parameter such that

w2l 1o n (1 e )
— R (u < Cr|—=R}@"),w , 3.11
R | ke | s O gp RO i) (3.11)

1

lwhnlloe < (R —= R (3.12)

0,K

1

[Vwgillgr < Cﬁ@ [ wh e o g - (3.13)

Proof. These results are obtained exploiting the properties of bubble functions and the finite dimensionality of
the residual function [19]. The constants Cr and C}, depend on the maximal polynomial degree of the finite
element spaces. O

Proposition 3.11. Under the assumptions on the continuous problem (2.4) and on the discrete formula-
tion (2.8), on each time interval (t”fl, t”), Ya > 0, we have

,MT} gCRCR[ oo Il ()"}

{Srem 050° |  mit

a+1 \ T _ 1 _
o n ]5”1 —H5”1’ . (3.4
+‘ a+2 nT+a+2 Y /{71+1/7-n Uh,r K,—1 ( )
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Proof. In the following we introduce an arbitrary function of time b™(t) > 0, Vt € I"™. We start by subtracting
to (ﬁ RY(u™), w§9> the continuous variational formulation (2.4) tested against w};  / v/k and integrating on

the time interval I™ the result times b™:

/t" Z ( 1 Rn( n) n ) bndt /tn < 1 0 en n > bndt
- u),w = — (W
tn—1 \/E @ RK K tn—1 \/E ot RO

KeTy
-
- / (9 VEV (u"—u} ) + (1—0) VEV (u" - P"uz;l) v wg,g) bndt
t

n—1

- P
+/ (VEV ™, Vupg) b"dt+/ (— (fHThf),w’é,Q) bt
- i \ /R

m

1

+ / (— (7, f =07, f* —(1 = 0) g, ") wi Q) b"dt.
tn—1 \/E ’

Now we use equation (3.3) to link the error e™ to the error e and (MZ;l.

Then, we apply Cauchy-Schwarz’s and Holder inequality, inequalities (3.11)—(3.13). Then we define the
function b™ as in [20]

t— I\

and we proceed as in [5,20] to get (3.14). O

3.3.2. Inter-element jumps

Now we consider the faces E € £ and we show how the jumps Jz(u") can bound the error from below.
Let us define

1 on

hn (" b , ifred ,

e LA e L EOL TR
0, ifegdp,

Eecey o
We remark that w; , vanishes on the faces/edges of the elements K’ € 7, . o~ inside the elements K € 7,
In what follows we will use the orthogonality of the face bubble functions.

Lemma 3.12. There exist constants Cg and Cy independent of any meshsize, timestep-length and problem-
parameter such that

1 2 ( 1 )
2l —= Jp(u” < Cg|—=Jp"),w] , 3.16
E \/E E( ) 0.5 E \/E E( ) J,E - ( )
n n oLn 1 n/ n
H WrE HO&Z < Vhphg ﬁ Jg(u™) O,E, (3.17)
n * ]- n
[Vwiellos < CE@ [w)ellosn - (3.18)

Proof. The previous results are derived exploiting the properties of bubble functions and inverse inequalities for
the jump functions. The constants C'r and C%, depend on the maximal polynomial degree of the finite element
spaces. O
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Proposition 3.13. Under the assumptions on the continuous problem (2.4) and on the discrete formula-
tion (2.8), on each time interval I™ we have

1
2

™4 < Cp(Ch+CrCR) [ \/Oi el o+ () }%

/o

> M| 7

Eegy g

n—1

1
+ h,T

k1 A/TT

Proof. We start by integrating (Jp(u") / vk, w'; ) against the arbitrary bubble function b"(t). We introduce
the continuous variational formulation (2.4) tested against wj ; / /K.

/ Z ( ),w’}E) brdt
tn— 1 E

Eegp o
"
:/ 3 / [ NG (0xvup+ (19)%VP”uhT)w9’Q] dQ bdt
t 7

Ee€g) o ke 0"

—/tn 20y b”dt+/tn Ve vl b”dt+/tn (- Tin f) g ) bt
Y - kot 8 m1 \ VK ’ I 1 \ VR ) ) Wi

" 1 n n—1 n = pn n n 7
+/tH (7 (Mg f =0 " —(1—0) "), w >b dtf/tn E§9K2< R (u ),wJ,Q>K/b dt

/tt" t —¢on (\/—v(uhTfuZ: 1),Vw77Q)b”dt.

o1 0 — g1

bl

. (3.19
oa+2 L,—1] ( )

h,T

We apply Cauchy-Schwarz’s inequality and (3.3). Then we apply Holder’s inequality, inequalities (3.17), (3.18),
definition (3.15) of b", inequalities (3.16), (3.14) and regularity hypotheses to get (3.19). O

3.3.3. Time discretization estimator
Now we consider the elements K € 7;" and we show how the norm H VEV (uh »— Py 1) H can bound
0
the error from below. Let us define

t— t9,n

n _ n 3
Wrg = W(Um Puh‘r)'

Proposition 3.14. Under the assumptions on the continuous problem (2.4) and on the discrete formula-
tion (2.8), on each time interval I"™ the following inequality

2

1 2 1
e < 2V3CIp Y Wy || —= Jpu”) +2VBCIR{ ™Y RGP || —= Ric(u")
EGS}?’Q \/E 0,E KeTr \/E 0,K
2 _ VT _
+ 43 {lel} + ()"} +2\/_<\/_H5UZ771 Lfﬁ\/g dup ! ‘1> (3.20)

holds true.
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Proof. In the proof we use the relation (3.4) and

tWr tW,
/ (V- (kVu),wlg)dt = —/ (K Vu, Vw? g)dt
t t

n—1 n—1

Then we write

2 1 n 2 " t*te’n n n
9 —9+§ (’U,hT*P uhT)H(): 71W(KV(U}IT*P uhT),va,Q)dt
t‘n

t" n o aen
= — n(,n [n] n - noon n - n
/tnfl 2 (‘]E(“ ) Ve (wT’Q))Edt /tn,l Z’(RK(“ ) wrq) dt /t< ot ’wﬂﬂ>dt

Beegp KeTp;

"

tWr tn
+ / (KV ",V ul g)di — / (f —Tip, ol o)di — / (T f —0TIg, /(1 — 0) Tlg, /" w0 dt.
t t t 1

n—1 n—1 n—

Now we observe that the discrete equation (2.8) can be written as

Y (R on)+ Y (Jg(unm[;l(vh))E:Q

KeT EEgr o

that we use with the test function v, = I (w} ). Using (3.3), applying Clément quasi-interpolation inequalities
of Lemma 3.1 and Holder inequality we derive (3.20). O

3.3.4. Final lower bounds

Now we collect the results of Propositions 3.11, 3.13 and 3.14 to get a lower bound for the error in terms
of n. Then we use this result to derive a lower bound for the same quantity with respect to n}.

Proposition 3.15. Under the assumptions on the continuous problem (2.4) and on the discrete formula-
tion (2.8), on each time interval I"™ there exist constants Ei:,l and Ei:,l independent of any meshsize, timestep-
length and problem-parameter, but depending on the quality of the mesh 7, such that

oty 2 2 n—1
s [l o)) f [, v |vEvaaz| | ey
X 2 2 Py n—1
R L e e R Ll WP (3:22)
Proof. The proof follows from (3.14), (3.19) and (3.20) proceeding as in [5,20]. O

We finally obtain the lower bound stated by Theorem 3.9 by Propositions 3.15.

4. COMPUTABLE BOUND FOR THE COARSENING ERROR

In Theorems 3.5 and 3.9 we have obtained a global in time upper bound and a global in time lower bound,

respectively. The quantity
> (= )

n=1
is a global upper bound of the error due to the coarsening and its control is necessary to guarantee a reliable
control of global discretization error. In performing the computation in each time-slab we can apply a coarsening

n—1 n n—1
5“}1,7 +7

‘H,fl
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of the mesh used in the previous time-slab and project the solution at the end of the previous time-slab on the
new mesh for computing the solution at the end of the current time-slab.
To each coarsening applied from one time-slab to the next one is associated an error that we bound by

2
n—1

1
n—1

2
K,—1

K,1

and, if it is large, we can perform only a partial coarsening to keep it small, i.e., we do not coarsen some

element marked for coarsening. We will see how to choose those elements for which skipping the coarsening is
and H 5UZ:_1 is a key ingredient for

recommended. An efficient computation of the two norms H 5“2;1
’ K,1

K,—1
an efficient adaptive algorithm.

The H' norm can be easily computed, while the H™! term is well defined, but, in general, not easily com-
putable. To easily get a reliable bound for this term we need to reduce the generality in the definition of
the approximation P"u} 1 kept up to here and define the approximation operator P™ as a quasi-interpolation

operator as in [18].

5uz;1 . for the case of Py finite elements and constant coefficients
o
following results given in [18,21]. These results can be generalized to d = 3 and to higher order finite elements
having dual spaces with the same properties as the ones used here; examples of constructions of these dual spaces
can be found in [13,14]. To deal with discontinuous coefficients a modification of these operators could be applied
following [16] in the definition of a local projector on a suitable Lipschitz subset of triangles neighboring a vertex.
Let us temporarily drop the superscript denoting the timestep and let A}, be the set of the internal nodes
of the triangulation 7;, and let {¢;};=1,._aima; be the set of the standard nodal hat basis functions associated
with a given triangulation 7,. In [18] local dual basis functions have been used to define a projection operator
satisfying stability and approximation properties. Let us denote by {t;}i=1... dimA; these dual basis functions
satisfying the following properties:

We give details on the computation of

(1) supp ¢; =supp ¥, i=1,...,dimNy;
(2) ¢i € L2(Q);

dim N},

> =1
i=1
) Joid; =0i; o i
For example, for the Py finite elements in 2D these dual basis functions can be deﬁned as follows on the
reference element K wz = 3(]5Z — Z? 1,ji qf)J, i=1,...,3; on the domain Q as ¥;|x = wz , VK € w; and
¥; = 0 elsewhere, where w; = {K € T, : x; € K}.
Let us define Vj, = span{¢; : i = 1,...,dimN;,} C H(2) the standard conforming finite element space and

Wy, =span{t; : i =1,...,dimN}} C L2(Q) ¢ HY(Q) the dual space. Moreover, Vu € L%(€) let us define the
following projection operators Py 1 : L?(Q) — Vj, and Q1 : L2(Q) — W, by

(Pryu,wp) = (u,wp), Ywp € Wy, (Qn1u,vn) = (u,vp), Yop € Vy.

These operators are locally defined and satisfy the following properties whose proofs can be found in or
follows from [18,21]:
— Ph71 Uy, = Up, Yo, € Vp, and Qh,l wp = Wk, Ywy, € Wh;
— (Phiv,w) = (Prav,Qraw) = (v,Qn1w), Yo,w € L*(Q),

(v=Prav,w)=v—Ppiv,w—Qpiw) =, w—Qriw), Yv,we L2(Q);
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— L? stability: let us define wx = U{K’GTh: KInK£0) K’

2 2 2 2
I Pnivllor =10lwes YWeEL wr),  1Qniwllgr = lwllga, Yo € L*(wk);
— Optimal approximation properties:
[w—Priu HQ,K Shrluly,, lu—Quiu ||0,K Shrluly,,, Yue H' (wi ).

Let us define C7z;» as the union of all the triangles K € 7, contained in the support of dual basis functions "

with a non-empty intersection with regions in which Th"_l differs from 7, due to a coarsening.
Let us reintroduce the superscript denoting the timestep, if we define P" as Py and the value in the node ¢

of the projected solution P"uh . as

> /u,” YrdQ
. KeCrn K
(P u,” )l =
> [ #ra0
KECrn K
we have
1
el (P}?luhr —up, - 7“) (Uh,r P}?luhr U= 2,17})
HéuhT = sup sup
bkl veHE(Q) ||U||1,n veHE(Q)
n—1 n n—1 n
i o]
- ZKECT;LL h,T h,1 “h,T 0K Qh,l 0,K
B vl
1
Ln 2 ur—1 v 4 5
< ZTGC’T"‘;L( K) h,T 17w}(l |1,(.UK < Z (h?{) Hun—l ’
~ ~ h,T
Hv”l,fi KGCThn K K,1

In the previous estimate we have exploited the locality property of the projector operator F;',. Exploiting

again this property we can easily check which are the elements of Th”_l coarsened that cause a large coarsening
error and we can chose to skip the coarsening of these elements if the coarsening error is too large.

5. NUMERICAL TESTS

In this section we describe a simple adaptive algorithm and some numerical results obtained applying a
coarsening error control and a suitable projection of the solution at the end of the previous timestep on the
mesh used for the current timestep. The obtained results of our strategy will be compared with the results
obtained by a similar code, based on the same marking strategy and similar a posteriori estimates and a common
refinement approach [5,20], so that we do not have any coarsening error thanks to the use of the full solution of
the previous timestep.

Our code is based on the library LibMesh [12] that allows the presence of hanging nodes, for this reason we
need to derive suitable dual basis functions for all the possible constrained primal basis functions. Within the
library [12] refinement is performed by splitting an element in four similar children elements; coarsening, when
possible, consists of removing the children and set as active the parent element. Neighbouring elements can
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differ at most for one level (level one condition). Every element marked for refinement is refined, whereas not
all the elements marked for coarsening are really coarsened.
In the Appendix we give some details on the construction of primal and dual constrained basis functions.

5.1. Adaptive algorithm

Our adaptive approach is based on equidistribution and on the splitting between space and time error
estimators described in Remark 3.4. In our coding of the proposed approach to coarsening, we always use a
single mesh. We use the described projection for the (degrees of freedom) dofs contained in the set Crzy, whereas
we simply interpolate all the other dofs. If to perform a timestep we need to change the mesh several times,
we always project/interpolate on the new (current) mesh the old solution obtained on the previous mesh. With
this simplifying choice the norm of the coarsening error is bounded (by triangle inequality) by the projection
error of each iteration.

For all our computations we start from an initial very coarse mesh and we apply an initial uniform refinement
four times. The obtained mesh is the initial mesh for adaptivity of the first timestep that can be refined and
coarsened (initially at most of four levels) by the adaptive algorithm.

5.1.1. Marking strategy

We choose a space tolerance TOLq and a time tolerance TOLj» for each timestep.
Then, we initially mark for refining or coarsening each triangle K €7, according to the following rules:

— if
2
n
(1+a)*TOLE n N2 (”f,nf,)
- n < —_
2l < () A
mark for refinement;
— else if
2
n 2 (11— TOLZ,
< - - n
(WR,K) Nk [l w |||I'€I

mark for coarsening.

After this marking stage, we set a variable buff = 0 and we perform a loop over the active elements. For
each element marked for coarsening we check if the parent element was already visited, if not, if all the children
are active and none of the neighbouring elements of the parent is marked for refinement, we count its children

not marked for coarsening. If only one of its children is not marked for coarsening and (77}%7 K)2 for that children
is less than buff, we set buff = buff — (77%, K)2 and we mark for coarsening that element. If we can not mark
for coarsening this element or if the children not marked for coarsening are more than one, we unmark for

coarsening all the children marked for coarsening and add their (77}%7 K)2 to buff.

For the code based on the coarsening error control, we choose a tolerance TOLcoarse and after the stage
previously described we check if an upper bound for the estimated coarsening error is less than the coarsening
tolerance. Let us define the estimated coarsening error and its upper bound as

’;f () = <(hn) +7" n) Huh‘r

Every time we apply a coarsening, i.e., we remove the four children K. and make active their parent K we

2

n—1
K1 and ZK'GC%L,K H Uh,r
contained in the support of a dual basis function ™ of the parent K. If the children were not already coarsened

> (hn)?
(M) = | !

‘ 2

2
n n—1
’Kl TR H Oz

K1

compute the norms H (MZ_Tl

, where C7. is the set of the neighbouring elements
1 s
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we set

(errc}l(’l)2 = H(Su;;;l

-
K,1

else, if the children were obtained by coarsening in a previous adaptive iteration of the current timestep
2 3 )
a2 o)’
) 3
(errc}l(ﬁl) = Z H hor ‘ Z errCK 1

’ n
K ECT; K

(errc}},_l)2 = H ,”
K'eCl}h’

(errc’kl)2 = Héuz;l

If the four children K. of a parent K are marked for coarsening and

3 4

Z (T”m (errc?(c,l)Q + (ﬁf/)s

c=0

TOL?2
(errc}?c,l)Q) (n%)%ﬁlﬂ |||i,1n (5.1)

we leave the markers unchanged else we unmark for coarsening the children. In (5.1), the sum in the left-hand-
side is an upper bound of the coarsening error of the previous coarsening performed in the same timestep. The
last term in the left-hand-side is an estimate of the coarsening error we are going to introduce when coarsening
the children of K. If we really perform this coarsening, this upper bound of the coarsening error will be replaced
by a sharper upper bound included in (errc’}(J)2 and (errc’k_l)Q. If we refine an element previously obtained

by coarsening, we transfer to each of its children the coarsening error (errc?(’l)2 /4 and (el*lr(;’}(7_1)2 /4.
We mark for enlarging or shortening the timestep-length according to the following rules:

— if
(1 +a)* TOLZ. | ull} n < (n})?
,rn
then 7" 1= —;
p
— else if
ny2 2
(1)? < (1= )* TOL, [Jull} ;.
TTL
then 7" 1= —,
p

where

2
p:min{y;) 2}.
TOL7. [l 1

We repeat at most ten times the same timestep performing the mesh changes and the timestep-length corrections
required by the previous marking strategy if any of the following condition occurs:

2 2 2 2
(1+a)" TOLg [Jully ;» < (k)"
the marked elements for coarsening are more than %C - Nk, where %C' is a given percentage of the
active elements;

the marked elements for refinement are more than %R - Ni, where %R is a given percentage of the
active elements;

(n)* < (1 — ) TOLY | ull? ;.;
(1+a)?TOLY. Jull? ;. < (n2)°.
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FIGURE 3. First test problem, a = 0.25: adapted mesh at t = 0.2.

If none of the previous situations occurs, we keep the same mesh and computed solution and we possibly
enlarge the timestep-length for the next timestep according to the previous marking strategy for enlarging the
timestep-length. In all the simulations we have neglected the data approximation errors.

5.2. First test problem
The problem (2.1)—(2.3) is solved in the domain Q = (—1,1) x (0,1) and in the time interval (0,7) = (0, 1)

with £ = 1. This test problem was already considered in [5] with discontinuous . The initial condition U°%(z, y)
and the forcing function f(z,y,t) are defined such that the solution is

ur(z,y,t), if >0,y >0,

u\zx, at = .
(@,9:7) ug(x,y,t), ifax<0,y>0,

with
Re—Rit((p—L1_1 cos(2m(1+sin(2nR; 2 —L_lgin(2r(1+4sin(27 Ry 2
ur (2, y,t) =5002%(1 — 2)%y2 (1 —y)%e ¢ ((e=3—% cos@n(1+sin(2r R:1))))*+(y—$—4 sin@r(14sin(27 R 1)) ) )

1 o Bi((a=3)+(v=34)") z(1-ay1-)

R5 . 2 R5£C .
——— —sin (27t —— +sin (27t 1-—
X T+ (1 R + 7, sin (27t) ) x° + i, +sin (27t) |y (1 —y)
and
R R
ug(z,y,t) = o sin (27t) ) 2 + ey sin (27t) |y (1 —y).
RQ R2

The solution and its derivatives on the edge x = 0, 0 < y < 1 are continuous. Moreover, the function u in
x > 0, y > 0 includes a small circular Gaussian peak whose center moves on a circle of radius 0.25 and centre
(0.5,0.5). The parameters R; are: R; = Ry =1 (R; represent the coefficient  in the square z > 0 and Ry is &
in the square x < 0), Rg =18, R, = 100, R5 = 10.

We have chosen TOLg = 0.35, TOL;» = 0.20, @« = 0.25 and TOLcoarse = 0.5(TOLg + TOL») with a
maximum 7" equal to 0.01, %C = 0.1 and %R = 0.4. In Figure 3 we report the mesh accepted by the adaptive
algorithm with control of coarsening error at the time ¢ = 0.2 and in Figure 4 the corresponding computed
solution.

In Figure 5 we compare the number of active degrees of freedom of the meshes used for the simulation with
the proposed coarsening error approach described in this paper and with the approach that uses the common
refinement of the meshes 7, and Th”_l [5,20]. In Figure 6 we compare the timestep-lengths produced by the two
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FI1GURE 5. First test problem, o = 0.25: comparison of required dofs.

adaptive algorithms with and without the coarsening error control, and in Figure 7 we compare the true error
llell,. ;» produced by the two algorithms. The coarsening control approach requires slightly more dofs up to
t ~0. 1, then uses less dofs up to ¢t =~ 0.7. After this time the two approaches have similar requirements in terms
of dofs. Concerning the timestep-length 7" the coarsening control approach is slightly more efficient usually
requiring comparable or larger 7.

In Figures 810 we report the same quantities corresponding to the same tolerances, but with o = 0.5. In
this case the coarsening control approach and the common refinement approach work in a slightly different way
on the mesh and the 7", producing comparable values of the true error.
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FI1GURE 6. First test problem, a = 0.25: comparison of required 7.
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FIGURE 7. First test problem, o = 0.25: comparison of true errors [l e[|, ;.

Figures 11 and 12 compare the effectivity indices

2 2
, ()" + (1)
ef. = +—

el
of the two approaches and for the two simulations performed. We can see that the effectivity indices are
comparable and bounded between values 3 and 8. This property confirm the validity of the estimators and,
thanks the previous results, of the whole adaptive algorithms.
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FIGURE 8. First test problem, o = 0.5: comparison of required dofs.
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FIGURE 9. First test problem, a = 0.5: comparison of required 7".

5.3. Second test problem

The problem (2.1)—(2.3) is solved in the domain Q = (0,1) x (0,1) and in the time interval (0,7) = (0,1)
with £ = 1. The initial condition U%(z,y) and the forcing function f(x,y,t) are defined such that the solution is

u(w,y,t) = Rso(l—a)y(l—y)+20002°(1—2)’y* (1 -y)*
% e—e(Hf"*t)((x—%—% cos(27rt))2+(y—%—% sin(27rt))2>4 (1 _ e—R4 ((x—%)2+(y—%)2>x(1—x)y(1—y)>

% @~ 10000 R22(t—0.1)2(t—0.5)2(t—0.9)
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F1cURE 11. First test problem, o = 0.25: comparison of effectivity indices.
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The solution is the superposition of a global bubble whose maximum value is controlled by Rs and a small
circular Gaussian peak as the one of Section 5.2 running around the centre of the domain. This peak is usually
dumped to zero except small time intervals around times ¢t = 0.1, ¢ = 0.5 and ¢t = 0.9. This test case aims at
investigating the performances of the two algorithms when the solution displays strongly different behaviours

in time evolution.

The parameters R; are: R; = 100, Rz = 2 (this parameter controls the size of the time windows in which
the Gaussian peak is not dumped), Rs = 18, R, = 100, R; = 2.
First, we have chosen TOLg = 0.4, TOL;» = 0.4, @ = 0.2 and TOL¢oarse = 0.5(TOLgy + TOL;») with a
maximal 7" equal to 0.01, %C = 0.5 and %R = 0.4.
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FiGUure 12. First test problem, o = 0.5: comparison of effectivity indices.
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FIGURE 15. Second test problem: computed meshes and solutions at ¢ = 0.45, 0.48.
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FIGURE 16. Second test problem: comparison of required dofs.

Figure 13 displays the meshes produced by the adaptive algorithm during the first abrupt dumping of the
Gaussian peak. Figures 14 displays the solutions produced by the adaptive algorithm corresponding to the pre-
vious mesh. Figure 15 displays the meshes and the solutions produced by the adaptive algorithm during the
second abrupt growing of the Gaussian peak.

Figure 16 displays the number of dofs requested by the two algorithms and Figures 17 and 18 the corre-
sponding 7" and true errors. Figure 19 report the two components of the bound of the coarsening error.

Figure 20 displays the dofs requested by the two compared algorithms, the corresponding 7™ and true errors
when TOLg = 0.2, TOLy» = 0.3 and a = 0.2.

6. CONCLUSIONS

In this paper we present a posteriori error estimates for the heat equation involving terms for the control of
a coarsening error due to a projection/interpolation of the solution at the end of the previous timestep on the
new adapted mesh produced to perform the current timestep. This approach aims at avoiding the introduction
of a common refinement of these two meshes, that can be very expensive in term of coding and computation to
be constructed and maintained at each adaptive iteration within the same timestep. In Section 5 we propose
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FIGURE 17. Second test problem: comparison of required 7.
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a very simple adaptive algorithm based on this coarsening control that skips this common refinement mesh.
Although this approach introduces an error at each adaptive iteration, trough a suitable control of it, the true
error and the resources required by the adaptive algorithm are not larger than the error and the resources
required by an adaptive algorithm that exactly deals with the solution at the end of the previous timestep via
the common refinement mesh. Numerical computations have shown that we have a slight redistribution of the
mesh and timestep-length requirements without any remarkable effect on the true error. Both the adaptive
approaches perform very well on both the test problems considered, with different properties in term of mesh
and timestep-length adaptation.
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A. APPENDIX

In this section we focus on 2D finite elements and give some details on the construction of primal and dual
constrained basis functions.

A.1l. Constrained primal and dual basis functions

We consider linear finite elements, so the possible constrained degrees of freedom (dofs) are related to the
vertices of the triangle that are midpoints for the parent element. It is convenient to write the basis functions of
the constrained active children elements as suitable basis functions defined on the parent element. For example,
let us consider the parent reference element in Figure 21: if the dof in the node n3 is constrained, the solution
on the edge between the nodes ng-n; has to be linear and the active children Ky, K; and K3 are constrained.
We can simply deal with this constraint defining suitable Lagrange linear basis functions on the parent element
associated to the nodes ng, ni, na, nq4, n5. We remark that, thanks to the level one condition we can always deal
with the constraints writing suitable basis functions on the parent element. If a two or more level mismatch
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FIGURE 21. Parent reference linear element K with its children.

was allowed, we would need to go from our active constrained element to its ancestor of degree equal to the
level of mismatch.

Let q@l be the primal basis function on the parent reference element K associated to the node n;, and let 1/31
be the corresponding dual basis function. Furthermore, let ¢; be the unconstrained primal basis functions of
the (active) children elements.

The constrained primal and dual basis functions are described as

32 32
N I UETY =I5 NP ERy = )
where the coefficients aj, (¢c,7) and a, (¢,j),c=0,...,3,7=0,...,2 are given in the sequel and differ according

to the number of constrained dofs.

A.1.1. One constrained dof on the parent element K

Let n3 be the constrained dof. The coefficients in (A.1) are given in the following matrices:

1 40 0 3 0 000 0 0 1
w. —| 2 00 wo—| 3z L0 W =001 W |0 00
%10 0 0 a0 0 0 4710 0 0 9510 0 0
3 00 3 00 010 001
103 25 —41 [ =53 25 11 7 (22 —6 —34 ] [ —82 —6 174 ]
26 26 26 26 26 26 65 13 65 65 13 65
25 —53 11 25 103 —41 —6 —82 174 —6 22 -34
@, =] 26 26 26 | @=| 26 26 26 | @,=| 13 65 65 | @;=| 13 65 65
0 0 0 0 0 0 0 0 0 0O 0 0
25 11 —41 25 —41 11 —6 174 —34 —6 —34 174
L 26 26 26 L 26 26 26 L 13 65 65 L 13 65 65

In this case we choose to define the constrained basis functions on the parent reference element with support
restricted to the children KoU K7 U K3 and to leave unchanged the basis functions on the element K5. With this
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choice, if the element K5 is refined we can use the same constrained reference basis functions on the element K5
that become the parent for the elements obtained by its refinement.

A.1.2. Two constrained dofs on the parent element K

Let ny4 and ns be the constrained dofs. The coefficients in (A.1) are given in the following matrices:

10 4 00 0 00 3 01 0
|10 0 0 013 oo 4 |10 0
Ao = 10 0 “.710 L 0 A, = 11 “%:=1 0 0 0
1 1

00 1 0 Lo 0 11 10 1

r85 —25 25 7 r25 —25 —5 7 =7 1 2 7 r =5 11 —1 7
24 24 24 24 24 24 3 3 3 4 4 2

—25 25 -5 —25 85 25 1 -7 2 11 -5 —1

w. = | 20 24 u w = | 24 24 u W | 3 3 3 wo | 442
o 25 -5 —35 i —5 25 —35 W 2 2 11 T -1 -1 1
24 24 24 24 24 24 3 3 3 2 2 4

—25 -5 25 25 25 -5 1 2 2 11 -1 -1

L 24 24 24 L 24 24 24 L 3 3 3 L 4 2 2

In this case the support of the primal and dual constrained basis functions is the whole element K.

A.1.3. Tree constrained dofs on the parent element K

The constrained dofs are n3, ng and ns, the primal and dual basis functions coincide with the unconstrained
basis functions on the parent element and can be defined by the following matrices:

11 1 1

1 22 A o

aéoz Ql 0 O ad31: (2) 1 (2) %32: 2 2 %
% 1 1 % > % 1

3 0 3 7 2 0 0 5 3

3 1 1 11 -1 1 -1 1

1 -1 —1 1 3 1 1 -1 1

“BeT |1 -1 -1 YT 11 -1 YT 1 13
1 -1 1 11 -1 1 1 1
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