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ABSTRACT. In this paper, we analyze the convergence of the adaptive conforming P;
element method with the red-green refinement. Since the mesh after refining is not nested
into the one before, the Galerkin-orthogonality does not hold for this case. To overcome
such a difficulty, we prove some quasi-orthogonality instead under some mild condition
on the initial mesh (Condition A). Consequently, we show convergence of the adaptive
method by establishing the reduction of some total error. To weaken the condition on
the initial mesh, we propose a modified red-green refinement and prove the convergence
of the associated adaptive method under a much weaker condition on the initial mesh
(Condition B).

1. INTRODUCTION

The adaptive finite element method (hereafter AFEM) is an efficient and reliable tool in
the numerical solution of partial differential equations. The typical structure of the adap-
tive algorithm is made up of four modules: “Solve”, “Estimate”, “Mark”, and “Refine”.
For triangular meshes there essentially exist three different local refinement strategies:
the longest edge bisection, the newest vertex bisection, and the red-green refinement [26].
The first two refinements are nested refinements while the last is not. Among these re-
finements, only the complexity of the newest vertex bisection is clear so far [23]. The
red-green refinement is in fact, a modification of the usual regular refinement, which is for
the purpose of fulfilling local refinement. This refinement was first proposed by Bank|[3, 4]
and successfully extended to tetrahedron in [18, 20, 11, 15]. Even though adaptivity has
been a fundamental tool of engineering and scientific computing for about three decades,
the convergence analysis is only recent. It started with Dofler [14], who introduced a cru-
cial marking, from now on called Dofler’s marking, and proved the strict energy reduction
for the Laplacian provided the initial mesh 7 satisfies a fineness assumption. By intro-
ducing the concept of data oscillation and the interior node property, Morin, Nochetto
and Siebert [21, 22] removed restriction on the initial mesh 75 and proved the conver-
gence of the AFEM. Very recently, Cascon, Kreuzer, Nochetto and Siebert established the
convergence of the AFEM without the interior node property for the self-adjoint second
order elliptic problem [10]. All of these results are based on an important tool: “Galerkin-
orthogonality”. There are some works on nonstandard finite element methods in the
literature. Carstensen and Hoppe proved the convergence of adaptive nonconforming and
mixed finite element methods [9, 8]. One key ingredient of those papers is the so-called
“quasi-orthogonality”. This technique is extended to the high order mixed finite element
methods for the Poisson equation in [12] and the nonconforming P; finite element method
for the Stokes-like problem in [17]. In a very recent paper [16], the second two authors with
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their corporator gave unifying convergence analysis of the adaptive Morley-type element
methods by adopting the conservative properties of these class of schemes. So far, both
Galerkin-orthogonality and quasi-orthogonality can be derived only for the first two re-
finement strategies where the resulted meshes are nested. There is no work concerning the
convergence of the AFEM with the red-green refinement. Since it has been widely used
in practical computing, for example, semi-conductor device simulation [26, 18], it is of
importance to analyze the convergence of the adaptive algorithm with such a refinement.

The objective of this paper is to study the convergence of the adaptive conforming P;
element method based on the red-green refinement. Since the mesh after refining is not
nested into the one before for such a refinement strategy, the Galerkin-orthogonality does
not hold for this case. To overcome this difficulty, we prove some quasi-orthogonality which
is first proposed for the nonconforming P; element method [9, 17, 16]. As indicated in [16],
the quasi-orthogonality of the Morley-type element methods [9, 16] is the consequence of
the conservative properties. Unlike those nonconforming methods, the difficulty herein
is not from the nonconformity of the discrete space but from the lack of the nesting
of the discrete finite element space. Moreover, no local conservative property can be
applied herein. Therefore, one can not expect to derive the quasi-orthogonality as those
in [9, 17, 16]. Herein we shall establish a different quasi-orthogonality under some mild
assumption on the initial mesh (see Condition A below) and then prove the convergence of
the adaptive conforming P; element method. In addition, we propose a modified red-green
refinement and prove the associated adaptive conforming P; element method under a much
weaker condition on the initial mesh(see Condition B below). Note that the Condition B
is satisfied by most practical meshes.

The rest of this paper is organized as follows. In the next section, we present the
preliminary including the notation, the problem under consideration, and the a posteriori
error estimate which is followed by the description of the red-green refinement algorithm.
In Section 4, we prove the reduction of the estimator while the quasi-orthogonality appears
in Section 5. In Section 6, we prove the main result of this paper, namely the convergence
of the adaptive algorithm with the red-green refinement strategy. In Section 7 we give a
modified red-green refinement strategy and prove the convergence of the adaptive methods
based on it. This paper ends with the conclusion in Section 8.

2. PRELIMINARIES

This section presents the necessary notation and the a posteriori error estimate. We
assume ) € R? to be a bounded, polygonal, open domain with boundary I' := 9. For
a measurable set G C Q, let (-,)¢ and | - |[o,¢ denote the inner product and the norm
in L?(G). We also use (+,-) to denote (+,-)q for simplicity. Furthermore, let | - |, ¢ and
| - llm,c denote the seminorm and norm in the Sobolev space H™(G), respectively. In
particular, let |- |1 o stand for the associated seminorm on H!(2) which actually is a norm
on V= HYQ) = {v € HY(Q),v|r = 0}. Given any nonnegative integer k, let 7 be a
triangular partition of the domain € in the sense of [6]. With no risk of confusion, we
assume that 7;, is a refinement of the coarser mesh 7. Let & be the set of all internal
edges of the mesh 7. Given any interior edge F, we denote by wg := Ty U Ty with
Ty NTy = E. For a triangle T" with three edges E1, Ea, and FE3, let wr := wg, Uwg, UwE,.
Let Vi, C V be the usual conforming P, finite element space over the triangulation 7j.

We consider the following second order elliptic equation
{ —div(AVu) = f in Q,

(2.1) u= 0 on ON.
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where f € L?(Q2) and A is positive and piecewise constant. We assume that A is constant
on each triangle of the initial mesh 7.
The weak formulation of the problem (2.1) reads: Find u € V' such that

(2.2) a(u,v) = (f,v), VveV,
where the bilinear forms a(u,v) = [, AVu - Vv dz and (f,v) = [, fv dz. Given S C Q,

we denote by |[||ul]|s the energy norm HA2 Vullo,s. Obviously, for any v € V, |u|; o and
llu|l| are two equivalent norms, i.e.,

(2.3) ca [[[ulll < fulro < Callul].
The discrete weak formulation of the problem (2.1) reads: Find uy € Vj, such that
(24) CL(’UJk,Uk;) = (f’ Uk)a v Vg € Vk

We end this section by presenting the a posteriori error estimate from, for instance,
[1, 26]. Denote Wr, := {w € HY(Q) | w is a piecewise linear function on T,VT € Ty}.
Obviously, Vi, C Wx,.. Given any interior edge E, we define the edge jump function®

J(v)|g = ([AVY] - ng)|p := (AVo|p, ) - np — (AVu|y,) - np, Vv e HY(Q) N Wr,.

with the unit outer normal ng of E C 0Ty. Given T € T}, we define the local estimator
as

(0, T) = W7l f o7+ el J) o oraa: Vo € Hy(Q) N Wr,

where hp := |T% For any subset 7, C T, we define ni(v,7}) := > ni(v,T). For
TeT]

the case where 7, = 7, and v = uy, we use 7, to denote ny(ug, 7;) for short. For this

estimator, one has the following reliability and efficiency.

Lemma 2.1 (reliability and efficiency). Let u € V' and uy, € Vi, be the solutions of problems
(2.2) and (2.4), respectively. It holds

(2.5) llw — ugll]* < Crg,
(2.6) Cotliy < [llu — g |||* +osc?(f, ),

1

2
where the oscillation osc(f,Ty,) = < > b (f — fT)||0T> and the average fr = fTé'dx.
TeT;

The analysis in the sequel is based on the following assumption on the initial mesh 7y:
Condition A: Given T € 7, let aj,a2 and as be its three edges with the corresponding
heights h1, ho and hg, respectively. Assume that

|hil > 1/2|as| or |T| > 1/4]as?, i=1,2,3,

where | - | denotes the length or the area.
Let p(T) = max{g-, 5%, 5= }. Condition A implies 0 < p(T') < 1.

Remark 2.2. One sufficient condition for Condition A is as follows: Fach angle of T is
larger than 7 or T' is an isosceles triangle with the vertex angle § < 0 < 3.

If all the elements of initial mesh 7; satisfy Condition A, we say 7 satisfies Condition
A.

@Since two level meshes are not nested. Some quantities like Vu|r or Vu|g in the proof of lemma 4.1,
lemma 4.2 and lemma 5.1 may be piecewise constant on some triangle T or edge E. Hence we define the
edge jump in a larger space Wz, not merely on Vi. However there is no confusion since the edge jump is
well-defined.
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3. RED-GREEN REFINEMENT

This section describes the red-green refinement. In the adaptive loop, the fourth step
is to refine the current mesh based on some marked elements. This procedure involves
splitting a triangle into smaller ones which may cause hangings nodes. To removing the
possible hanging nodes, one way is to use the so called the red-green refinement. This
reﬁnené)ent method is used in the code “ConchaBase” (R. Beck) and “PLTMG”(R. E.
Bank)

Py

A
AA A

FIGURE 1. (left)Red-refinement of element domain 7' = T7 U Ty U T3 U Ty
into 4 congruent subdomalns Ti,...,Ty; (right)Green-refinement of element
domain 1" = T7 U T5 into two children 77 and T by connecting the vertex
and the midpoint of its corresponding opposite edge.

To give a brief description of the refinement method, we paint all elements in the initial
mesh 7y by the red color.

Algorithm 1 (Red-Green Refinement). Input: Triangulation Ty, with the set of marked
elements My,.

1) Divide the set My, into two subsets M = {T € My, its color is red} and
k
M = {T € My, its color is green};
2) Refine all elements in the red set M by the red-refinement strategy illustrated
k
on the left hand side of Figure 1 and paint their four children by the red color;
3) Coarsen the elements in the green set M “" by removing their fathers’ mid-lines,
k
for instance P1 Py, on the right hand side of Figure 1, and refine their fathers by
the red-refinement and repaint their sons by the red color;
(4) Remove the possible hanging nodes by the following strategies until no hanging
nodes in the current mesh:

(a) Refine the red elements with at least two hanging nodes by the red-refinement
and paint their sons by the red color;

(b) Coarsen the green elements with at least one hanging node by removing their
fathers’ mid-lines, and refine their fathers by the red-refinement and repaint
their sons by the red color;

c) Refine the red elements with only one hanging node e green-refinemen
R the red el ts with only hanging node by the g t
illustrated on the right hand side of Figure 1 and repaint their children by the
green color.

Output: The refined conforming triangulation Ty1 = REFINE(Ty, My,).

A pleasant feature of the resulted meshes with this red-green refinement is that all red
triangles are geometrically similar to their ancestors in the initial mesh 7 and thereby the
element quality of these triangles is the same as the quality of their ancestors. Moreover,

@The “PLTMG” package after the version 8.0 has changed data structures to use the longest-edge bisection
while the previous versions is based on the red-green refinement.
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with a hierarchical memory representation, the refining and coarsening can be handled
easily. We refer the interested readers to [11, 15, 18, 20, 25] for further details of the
red-green refinement.

Let 7;11 be a mesh refined from 7 by a local refinement, we denote by Ry := Tp\7Tx+1
the set of elements which are refined in the refinement from 7y to 7;41. Note that My C
Ri.

4. ESTIMATOR REDUCTION

This section shows one of main ingredients, namely the reduction of the estimator.

Lemma 4.1. Let Vi and V11 be the discrete spaces over the triangulations Ty, and Ty
respectively. There exists a constant C3 > 0 depending on the minimum angle of Ty and
the data A such that

A1) gr1(v, T) < g1 (w0, T) + C3lv — wy @y for all T € Tpy1,w € Vi, v € Vip.

Proof : Since Vw is constant on E for any F € &1 (possibly piecewise, see A4A5 of
Figure 3 for example in Section 5), J(w)|g is well-defined. We use the triangle inequality
to get

2+ hell TR orn0) 2

< (W2 f 5.0 + he (T (w)llo.orne + 1T (0 — w)|lo,o700)°)
< (BBIIF I3+ bl T (W) 13 grg) ? + Byl 21T (0 — w)
= 1 (w, T) + by (v — w)lloorr0-

Let E =TNT' and ng and ng’ be the unit outer normals of 9T and T restricted on E.
Note that the quantities AV (v — w)|r and AV (v — w)|7» may also be piecewise constant
on T and T’; c.f. the edge A4 A5 of Figure 3 in Section 5. Then using the scaling argument,
the (possibly piecewise) trace and inverse inequalities, one can get

M1 (v, T) = (k|| f

N[

(4.2)

0,0T'NQ

(4.3) 1AV (v — w)|rllo.e < Chy V(v — w)[lor.
and
(4.4) 1AV (v — w) |z lo.e < Chp?|[V (v — w) oz
Hence
[J(v—w)llo,zg = [[AV(v—w)|p ng+ AV (v —w)|p - ng'|loe
(4.5) < Chp'P o = wlywy.
Inserting (4.5) into (4.2) ends the proof. O

Lemma 4.2 (estimator reduction). Let Ty+1 be some refinement of Ty, in the sense of
Algorithm 1. There exist constants 0 < A < 1 and Cy > 0 depending on the minimum
angle of 7y and the data A with

M1 (V15 Tern) < (14 6)mi (0, Tr) — A1+ 8)n (v, My) + Ca(1 + 1/6) [[| vpyr — vll*
for any v € Vi, and vii1 € Va1 with the parameter § > 0 to be determined below.

Proof. Applying Lemma 4.1 with vy € Vi, vgy1 € Vi1 over T € Tiy1, and using Young’s
inequality with the parameter §, we derive

M1 (e, T) < (L4 0O (v, T) + C3(1 4+ 1/6) o1 — Ukﬁ,wT :
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Due to the finite overlapping of wy and the equivalence of the H! norm and the energy
norm in 2, the summation over all elements T" € 7y leads to

Moot (Vkst, Trpr) < (L4 )07y (0, Toga) + C(L+ 1/8)[logar — oxllI” -
In what follows we plan to bound the first term on the right hand side of the above
inequality by the estimator on the mesh 7;. To this end, we need to take care of three
cases.
Case 1. T € My C T, and T is a green element. From Algorithm 1, we know green
elements appear in pairs. Hence there exits another green element 7" which adjoins to T
with E =T NT'. We define M := {T'| T € M&"} and My, := My UME". Let
K=TUT and T 11k :={T € Tyy1 | T C K} (see Figure 2). Tt follows the definition of
the element-size that

hy = |T1Y? < (1/4|K)Y? and  hy = hy = |T)V? = (1/2|K])"/? .
This yields

(4.6) hi < 27Y2hp = 27121y,

O

FIGURE 2. K=TUT and Tj41 k-

Define Epy1 i = {e € Epqi1| e C 8T\8K, VT € Ti+1,x}- Given e € &y i, although
Vv, may be piecewise constant on e, one has J(vg)|e = 0. This and (4.6) lead to

T K) = > i) <2707 G +27% Y. hrllJ(we)lellfe
TGITIﬁLl,K e€&p1NOK
<2722 (0, T) + 27202 (v, T') = 27208 (up,, K.

Case 2. T € My C 7 and T is a red element. For this case, a similar argument of the
Case 1 shows

771%+1<Uka T) < 2_1/277]%(Uk7T)'
Case 3. T € ’EH\/\;lk with My, defined in Case 1. If T is not refined, we have

Me+1(Vk, T) = n(vg, T); if T is refined we can use the same arguments of Cases 1 and
2 to prove ng41(vk, T) < i (vg, T'). Therefore, for both cases, we have

Ne-+1 (v, T) < e (vg, T).
Taking aforementioned three cases into account and summing over all T € Ty leads to
M1 (0 Ter 1 \My) + 141 (05, M)
e (ks TAMG) + 2712 (v, M)
7 (ks Tr) — (1= 272 (vg, M)
7 (g, To) — (1= 27723 (g, M) -

N1 (U, Thy1)

IN A CIA
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The choice A =1 — 2712 € (0,1) ends the proof. O

5. QUASI-ORTHOGONALITY

This section presents the quasi-orthogonality. Let Q|r, = Upeg, T and Py :={T €
T T C Q|Rk}

Lemma 5.1. (quasi-orthogonality) Assume Ty satisfies Condition A. Let Ti1q be some
refinement of T, with Algorithm 1. There exist constants 0 < pg < 1 and C5 > 0 depending
on the minimum angle of 1y and the data A such that

Po Cs
(5.1) la(u = wpsr, wprr —wr)] < (v + ) [l s — up 17 += > mzllfllo.r -
TeER

where the parameter v > 0 is to be determined later.

Proof. Let Iy11 be the Lagrange interpolator associated to 7y, then one can use Green’
formula to get

a(u — g1, upgr — up) = au — upgr, (I — Tpgr) (upgr — up))
= (f, (I = Iigr) (upgr — ug)) — a(upgr, (I — Tpgr) (g1 — ug))

(5.2) = > (U= L) —w))y

TEPk4+1

o Z Z IIAVU/C-H]] ! @((I - Ik+1)(uk+1 — uk))ds.

TEPy41eCOT €

Since (I — Ix+1)(ugr1 — ug)(p) = 0 for any node p of Ti,1, one can use the elementwise
Cauchy-Schwarz inequality with respect to 71 and the scaling argument to obtain

S (U= L) s — )y < D I llor (T = Ty (s — w) o,
TEPr41 TEPr4+1
< Gy > halfloxlursr — uklir.
T€Pk+1

For a pair of green elements T and 7", we set K =T U T’ (see Figure 3). We denote by
(Gi, the set of the central lines of their fathers, for instance, the line A4As5 depicted in the
Figure 3. Hence we can derive as

a(u— w1, up —wg) < Cs > bl fllorlunss —up
TEPr4+1

_ Eék([[AVukHﬂ NE) /E(I — Tt (g1 — ug)ds.

1,7
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RN

F1GURE 3. (left)A pair of green elements T ané T'; (right) Four red ele—
ments refined from their father.

Using Young’s inequality with parameter € > 0 and the equivalence of the H' norm and
energy norm in {2, we can obtain

1
S° hrllfllorlupss — welir < s|uk+1—uk|%,%+£ > nzllfllor

TeEPr41 TEPr+1
< ’3|”LL/’ch1*Uk|1§zJr Z hzll f1lo.r
TERk
1
< Clelll upgr — e ||I? T Z hQTHfH(Q),T-
TeR

It remains to bound the second term on the right-hand side of (5.3). If E € &xi1\&k
lies in the interior of some T' € 7}, (see A4Ag in Figure 3) one has (I — Iy q)u|g = 0; if
E € E11\& is a child of some edge in & (see A; Ay in Figure 3), (I — Ix11)uk|p = 05 if
E € &i11NE;, (I —Igq1)ug|g = 0. Therefore, we only need to consider edge E € E;11\&k
which is not contained in any 7' € 7%, for instance, E = A4A5 in Figure 3. Because of
(I = Igy1)ups1 =0, we get

/(I — Iiy1)(upy1 —ug)ds = — / (I — Ipyq)ugds.
E

E

Since ((I — Igy1)uk)(Asa) = 0, (I — Ip+1)ur)(As) = 0 and (I — Ip41)ug is a piecewise
linear function on FE, one can use the trapezoidal quadrature rule on A4A7; and A7As,
respectively, to get

[E(I — Ii1) (ug 1 — ug)ds
- _<0 + (= ey )ur) (A7) b (1= Tesa)un) (A7) + 0hE>

2 2 2 2

hg

= 5 (u(A7) = (True) (A7),
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with the length hg of E. Since uy, is linear on A1 Ag and A7 is the midpoint of A;Ag, we
have

(5.4) /E(I - Ik+1)(uk+1 - uk)ds = *}iTE <Uk(A1) + Uk(Aﬁ) - uk(A4) - uk(Ag,)) .

. . _> . _> _> .
The continuity of Vugyq - tg over E, i.e., Vugi1|k,uk, - tE = Vugt1|ksuk, - te, yields

(uk (A1) + ug(Ag) — up(As) — up(As))

1

= §(uk(A1) — uk(A4) + uk(AG) — uk(A4) + uk(Al) - uk(Ag,) + uk(Aﬁ) - uk(Ag,))

1 — — —— —
= i(VUHT CAg A+ Vuk|T - AgAg + Vuk]T/ - AsAq + Vuk|T/ . A5A6)

1 — — h
= §(Vuk|T - Ay A5 + Vug|7r - A5A4) = TE(VUMT . Eg) — Vug|p - EE))

hg — —
= *7(V(Uk:+1 —up)|Kuky e — V(U — k)| KUk, - tE)-

Using the fact that Vugy1|k, tTé = Vugi1|k, 15) and that Vugi1|x, t? = VUupt1|K, '55),
and inserting the above identity into (5.4) leads to

AV un] - 7E) [ (5= D) s = w)ds

2

X (V(ukgr = w0, -t = V(g — )| s - e)
h2
(5.5) _ B <(AVuk+1IK1 7B) (V(ups1 — )|k, 1)

— (AVupsiliy - 78) (V(upsr — )i, - 15)

8
+ (AVup1] i, - 1E) (V (W1 — uk) ks 55))

— (AVupia |k, 1) (V(ugpr — ue)|k, @))

Using Vug41|k, - tg = Vugti|k, - te and Vug |k, - te = Vugyi |k, - te again gives

(5.6)
(AVug|k, - 1) (V(uks1 — ur)|k, t_E>) — (AVug|r, - 1E) (V (g1 — ue)| i t;)

+ (AVug|k, - nE) (V(ukt1 — u)| K, tTE)) — (AVu| g, - 1E) (V(ups1 — we)| K, 53)) = 0.
Combining (5.5) and (5.6) leads to

([AVug 1] - 728) / (I = Ipt1) (ug+1 — wp)ds
E
2
= %E ((AV(Uk+1 — )iy B (V (U1 — )|k, - 1)
~(AV (w1 — w)|ic, - 78) (Vi1 — e, - 25)

+(AV (g1 = w) i - 718) (Vw1 —un) iy - 1)

—(AV (g1 — ur) |k, - nE) (V(ukgr — ur)| Fé))

sl
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Let 01 denote the angle between the gradient V(ugy1 — ux)|x, and the normal vector ng
which implies that the angle between the gradient V(ug41 —uk)|k, and the tangent vector
by

tp is either 7/2 — 01 or /2 + 6,. Whence we derive

(AV (1 — )|, - 78 (V(wkgr — w) e, - )
= (A|V(uks1 — up)|r, | cosb1) (£ |V(ugs1 — up) |k, | sinby)

1
= :I:E{A%V(ukﬂ - uk)‘Q sin 26,

sin 26,

2
Ak Il w1 — ur || %, -

This implies
[(AV (w1 — wr) |k, - 1E)(V (kg1 — k)|, - tE)| < I Il gy — ue [l -
A similar argument leads to

N 4 .
[(AV (ups1 — k) |k, - 1E)(V(ups1 — )|k, - te)| < il I wesr — unll%, i = 2,3,4.

Let S = K1 UKy UK3UKy and | = |A2As| and h; be the height on edge A3 A3 in K, then
S C K and hg = 1/2. Setting py = sup p(T). The condition on 7y implies 0 < py < 1.

TeTy
Therefore
| [ AAV k] TR B s — wn)ds|
E
<ty 1= I3 < 2ol I
—— ||| upyr1 — u = — ||| urt1 — u — Uy — U .

= 3K] E+1 klll's iy k+1 kllls = 200 k+1 ks

Taking v = C3C?¢ and C5 = C§4C§’ the summation over F € G} ends the proof. O

6. CONVERGENCE

This section proves the convergence of the adaptive conforming P method with the

red-green refinement strategy.
AFEM Algorithm: Given the initial grid 7g and parameters 0 < 0, 6 < 1 and e.
[Tn,un]= AFEM(7y, f, ¢, 0, 9~) set k:=0,n=c¢.
While n > ¢,

(1) Solve (2.4) on 7, to get the solution wuy;

2) Compute the error estimator n = nz, (ug, 7x);
3) Mark the minimal element set M such that

(
(
(6.1) Mk (g, My) > Onp(ug, Tr);
(
)

4) If it is necessary, enlarge My (still denoted by My) such that
(6.2

Z h | fllo.r > 0 Z Wl £ 113

TeMy TeTy,

(5) Refine the elements in My, by Algorithm 1 to get Tpi1;
(6) Set k =k + 1.
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End While

In = Ty, un = ug,.
End AFEM

Set ept1 = ||lu — upt1|l], ex = |||lu — uil|| and e 41 = [[Jur — ug41]l|. The following
theorem highlights on the relation of errors between two level meshes.

Lemma 6.1 (Error contraction). Assume 7y satisfies Condition A. Let Ty1 = REFINE(T;,, My,)
with (6.1). Then there exist constants 0 < a < 1, >0, and Cs > 0 such that

(6.3) €1+ By < aleg + Bmf) +Cs Y bzl flgr -
TeER

Proof. 1t follows from the quasi-orthogonality of Lemma 5.1 and the estimator reduction
of Lemma 4.2 that

2 2 2 9 2
ottt BMer1 = €k — €1 — 20(U — g1, Ukl — Uk) + BTy
2C!
2 9 P 5 21 p1[2 2
< €k €hpt1 T2V k1 +—— E RTIFIG.r + Poek ki
TeER

+ﬂ((1 SR — AL+ O M) + Ca(1+ 1/6>ei,k+1).

The bulk criterion (6.1) and the reliability of the estimator give

—BA(L + O)mp(uk, My) < —0BA(L + 6)np
= —0B8A\1+8)(1—s+s)n;

_Weg — 081+ 8)(1 — s)n,
1

with the constant 0 < s < 1 to be determined later. Inserting this estimate into the
previous one leads to

<

OBA(1 + 6)s

6%4—1 + 577134-1 < (1 - o

)ez v g<(1 +6)(1— (1 — s)))nﬁ

2C
- (1 —po— 27— BCy(1 + 1/5)> e gt + =2 Z W) 115 7
TeR

It remains to choose these parameters. First we select 0 < § < 1 such that o = max((1 +
8)(1 = A(1 — 5)),1 — PP2UL0ey 1. Then the choice § = (1~ po — 27)/C4(1 + 1/8) with
2y < 1 — pgo ends the proof. O

Lemma 6.2. Let 711 be some refinement of Ty, with (6.2). There exists 0 < pu < 1 with
(6.4) ST OEIfBr <1 > hEIFII

Te€Tkt1 TeTy

Proof. The result follows from the bulk criterion (6.2) and the definition of the element-
size. 0

Theorem 6.3 (Convergence). Assume 7 satisfies Condition A. Let (T, ux) be the se-
quence of meshes and solutions produced by the AFEM Algorithm. Then there exist con-
stants 0 <& <1, 8> 0, and C7 > 0 such that

(6.5) ej + B < Crék.
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Proof. Set Ey, = ef + By and Hy(f) = 3 0|\ fI3r, k=1,2,--- N
TeT; ’
Combining Lemma 6.1 and Lemma 6.2 yields

Ey, aby_1+ CsHy_1(f)
a(aEk,g + CﬁHk,Q(f)) + C6,U/Hk72(f>

IN A

IN

k—1

OékEo + C6H0(f) Z Oéi,uk_l_i.
i=0

Taking max(a, ) < £ < 1, we have

= k—1—i ¢
a’LN — 7’LS
Z é'_

i=0 min(a7/‘1’)‘

Co Y B2,
TETy

) completes the proof. ([l

Setting C7 = |u — uo’ig + 5773 +

7. MODIFIED RED-GREEN REFINEMENT

This section presents a modified red-green refinement. With such a refinement strategy,
one can prove the convergence of the adaptive algorithm under a much weaker condition
on the initial mesh which reads
Condition B: Given T', assume that there exists at least one side (denoted by a) such that

(7.1) |ha| > 1/2|a| with the height h, on a.

Remark 7.1. Let o, 3, and v (o < 3 < ) be three angles of T. One sufficient condition
for Condition B is that either v < %”, ory > %” and W > % This condition
1s satisfied by almost all practical meshes. In fact, for one extreme case with v = 170°,

(8 =28° and a = 2°, one has sinfsin(atf) () 6925 > %

sin o
Now we present the modified red-green refinement. To this end, we let ep denote the
edge of T' which satisfies Condition B. We paint all elements in the initial mesh 7y by the
red color.

Py

P

/n\

P Py
FIGURE 4. Blue-refinement of element domain T' = T3 UT5 UT3 into a child
T1 and two grandchildren 75 and T5.

Algorithm 2 (Modified Red-Green Refinement). Input: Triangulation Ty, with the set of
marked elements M.
(1) Divide My, into three subsets M := {T € My, its color is red}, M7 " := {T €
My, its color is green}, and MPWe := {T € My, its color is blue}.
(2) Refine all elements in /\/l,’fd by the red-refinement strateqy and paint its four chil-
dren by the red color;
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(3) Coarsen the elements in Mimn by removing their fathers’ mid-lines, for instance
PP, on the right hand side of Figure 1, or their fathers’ mid-lines and central
lines, for instance PPy and Py Ps; in Figure 4, and refine their fathers by the
red-refinement and repaint their sons by the red color.

(4) Coarsen the elements in le“e by removing their grandfathers’ mid-lines and cen-
tral lines, for instance Py Py and Py P3 in Figure 4, and refine their grandfathers
by the red-refinement and repaint their sons by the red color.

(5) Remove the possible hanging nodes by the following strategies until no hanging
nodes in the current mesh:

(a) Refine the red element with three hanging nodes by the red-refinement and
paint their sons by the red color.

(b) Refine the red element T with two hanging nodes by the modified blue-refinement:
First divide the element into two children by the green-refinement, namely,
connecting the midpoint of ep and its opposite vertex, and repaint the children
by the green color; Second decompose the child (or two children) generated by
the green-refinement with one hanging node into two grandchildren (or four
grandchildren) and repaint the grandchildren by the blue color. c.f Figure 4.

(¢) Refine the red element T with one hanging node with the green-refinement
into two children by connecting the midpoint of eg and its opposite vertex
and repaint both children by the green color. In the case where the only one
hanging node is not on the e, further decompose the child generated by the
green-refinement with one hanging node into two grandchildren and repaint
both of them by the blue color.

(d) Coarsen the green element with two hanging nodes and refine its father by the
red-refinement and repaint the four children by red color.

(e) Refine the green element with one hanging node which is not on the formerly
bisected edge by the blue-refinement and repaint its two children by the blue
color.

(f) Coarsen the green element with one hanging node which is on the formerly
bisected edge and refine its father element by the red-refinement and repaint
its four children by the red color.

(g) Coarsen the blue element with one hanging node and refine its grandfather by
the red-refinement and repaint the four children by red color.

(6) Locally adjust all the local meshes depicted on the left-hand side of Figure 5 to the
meshes shown on the right-hand side of Figure 5 by post-processing A.

(7) Locally adjust all the local parallelogram meshes illustrated in the middle of Figure
6 to the local parallelogram meshes shown on the right-hand side of Figure 6 with
post-processing B.

Output: The refined conforming triangulation Tpy = REFINE(Ty, My,).

Post-processing A is to improve the regularity of current mesh while post-processing B
is useful to prove the quasi-orthogonality in Lemma 5.1.

The convergence of AFEM with the red-green refinement can be extended to the AFEM
based on the modified red-green refinement with a slight modification. In fact, the neces-
sary modification is to define the element-size of blue elements as follows:

For blue element T5 or T3 shown in Figure 4, we define the element-size as:

(72) ]’LT2 =\ /{‘T2|, hT3 =\ /{|T3|.

where constant k = 3/2. We will explain the reason in the proof of the following theorem.
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— A
ava

(a) (b)

FI1GURE 5. Post-processing A: The local mesh on the left-hand side should
be locally adjusted to the mesh on the right-hand side.

(c) {c) (e)

FIGURE 6. Post-processing B: The local parallelogram mesh in the middle
of the above figure is generated from the mesh on the left-hand side, but
it should be locally adjusted to the mesh shown on the right-hand side of
the above figure.

Theorem 7.2. Assume 7y satisfies Condition B. Let (Ty,u) be the sequence of meshes
and solutions produced by the AFEM Algorithm with the modified red-green refinement.
Then there exist constants 0 < £ <1, 8> 0, and Cy > 0 such that

(7.3) e + By < Cot™.

Proof. The proof of this modified red-green refinement is similar to that of the original
red-green refinement.

One main difference is from the proof of Lemma 4.2 and Lemma 6.2. The key of proving
Lemma 4.2 is the relation (4.6). From Figure 6, it is easy to find from case (c) and case
(e) that a blue element in 7; may become a red element in 7j1; without any splitting
after refinement. Hence, it is necessary to give a new definition of the element-size of
blue elements, i.e., the element-size of blue element should be larger than the red element
after refinement which in fact without any splitting. On the other hand, a green element
may be split into two blue elements after refinement. Therefore, the element-size of blue
element should be smaller than the father(green element). In order to keep the relation
(4.6) hold, we modify the definition of the blue element-size as (7.2). In fact, x occurred
in (7.2) can be any constant in the interval (1,2). Based on this modified definition, one
can proof Lemma 4.2 in a similar routine. Similarly, Lemma 6.2 will be shown easily using
this modified definition.

The other main difference is from the proof of quasi-orthogonality in Lemma 5.1. With
this refinement strategy, the possible non-nesting mesh can happen in the following situ-
ations: (d), (f), (g) of Algorithm 2, and the local adjusting in Figure 5. The situations
of, (d), (f), and the local adjusting in Figure 5, can be proved by proceeding along the
same line of Lemma 5.1. But we only need a much weaker condition on the initial mesh,
namely Condition B since the green refinement is to connect the midpoint of ep and its
opposite vertex. To see this, the readers only need to refer the last inequality of the proof
of Lemma 5.1 where we use the relation between the length of the edge and the area of
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the coarser element K. For the situation (g), we take Figure 4 as example. There are two
cases in this situation: (1) the hanging node lies on the boundary P, Ps of the element T;
(2) the hanging node lies on the boundary P; Py or P3P; of the element Ty. The proof
of the case (2) is the same as those for the cases (d) and (f); the case (1) will be locally
adjusted as shown in Figure 6 which actually generates the local nested mesh. O

8. CONCLUSION

In this paper, we prove the convergence of AFEM algorithm with the red-green re-
finement under Condition A. With this result, we conclude that the AFEM algorithm
converges for the case where the initial mesh is “good” in the sense of Remark 2.2. In
addition, we show the convergence of AFEM algorithm with the modified red-green re-
finement under Condition B. The discussion in Remark 7.1 indicates that Condition B is
actually satisfied by almost all practical meshes. In fact, the often used Delaunay triangu-
lation generates the equilateral triangles in the interior of the domain. Therefore, we only
need to use the modified red-green refinement in a layer near the boundary of the domain
where the Condition A may fail.
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