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Abstract

We study the properties of a simple greedy algorithm introduced in [9] for the generation of data-
adapted anisotropic triangulations. Given a function f, the algorithm produces nested triangulations
Tn and corresponding piecewise polynomial approximations fx of f. The refinement procedure picks
the triangle which maximizes the local L” approximation error, and bisect it in a direction which is
chosen so to minimize this error at the next step. We study the approximation error in the L” norm
when the algorithm is applied to C? functions with piecewise linear approximations. We prove that
as the algorithm progresses, the triangles tend to adopt an optimal aspect ratio which is dictated by
the local hessian of f. For convex functions, we also prove that the adaptive triangulations satisfy
the convergence bound ||f — fn|lr < CN'|y/[det(d? f)]|| with L := % + 1, which is known to be
asymptotically optimal among all possible triangulations.

1 Introduction

In finite element approximation, a classical and important distinction is made between wuniform and
adaptive methods. In the first case the all the elements which constitute the mesh have comparable shape
and size, while these attributes are allowed to vary strongly in the second case. An important feature of
adaptive methods is the fact that the mesh is not fixed in advance but rather taylored to the properties
of the function f to be approximated. Since the function approximating f is not picked from a fixed
linear space, adaptive finite elements can be considered as an instance of non-linear approzimation. Other
instances include approximation by rational functions, or by N-term linear combinations of a basis or
dictionary. We refer to [10] for a general survey on non-linear approximation.

In this paper, we focus our interest on piecewise linear finite element functions defined over tri-
angulations of a bidimensional polygonal domain @ C R?. Given a triangulation 7 we denote by
Vr :={vst.vp €Iy, T € T} the associated finite element space. The norm in which we measure the
approximation error is the L? norm for 1 < p < oo and we therefore do not require that the triangulations
are conforming and that the functions of Vr are continuous between triangles. For a given function f we
define

p = i f i f — P
en(f)r #(ITH)SN;GHVTHJC gllre,

the best approximation error of f when using at most N elements. In adaptive finite element approxi-
mation, critical questions are:

1. Given a function f and a number N > 0, how can we characterize the optimal mesh for f with N
elements corresponding to the above defined best approximation error.

2. What quantitative estimates are available for the best approximation error en(f)r» ? Such esti-
mates should involve the derivatives of f in a different way than for non-adaptive meshes.

3. Can we build by a simple algorithmic procedure a mesh 7y of cardinality N and a finite element
function fn € V7, such that || f — fn]||L» is comparable to en(f)rr ?



While the optimal mesh is usually difficult to characterize exactly, it should satisfy two intuitively
desirable features: (i) the triangulation should equidistribute the local approximation error between each
triangle and (ii) the aspect ratio of a triangle T' should be isotropic with respect to a distorted metric
induced by the local value of the hessian d?f on T' (and therefore anisotropic in the sense of the euclidean
metric). Under such prescriptions on the mesh, quantitative error estimates have recently been obtained
in [7, 2] when f is a C? function. These estimates are of the form

en(Pur < ON V@ e, 7= 5 +1. (11)

where det(d?f) is the determinant of the 2 x 2 hessian matrix. They can be proved to be asymptotically
optimal in the sense of a lower inequality of the form

liminfy 4o Nen (f)re > c||v/|det(d? )] L. (1.2)

We refer in particular to [11] in which such estimates are generalized to higher order elements and proved
to be optimal in the above sense.

From the computational viewpoint, a commonly used strategy for designing an optimal mesh consists
therefore in evaluating the hessian d?f and imposing that each triangle of the mesh is isotropic with
respect to a metric which is properly related to its local value. We refer in particular to [5] where this
program is executed using Delaunay mesh generation techniques. While these algorithms fastly produce
anisotropic meshes which are naturally adapted to the approximated function, they suffer from two
intrinsic limitations:

1. They use the data of d?f, and therefore do not apply to non-smooth or noisy functions.
2. They are non-hierarchical: for N > M, the triangulation 7y is not a refinement of 7.

In [9], an alternate strategy was proposed for the design of adaptive hierarchical meshes, based on a
simple greedy algorithm: starting from an initial triangulation 7y, , the algorithm picks the triangle " € 7,
with the largest local L? error. This triangle is then bisected from one of its vertex to the mid-point of
the opposite edge. The choice of the vertex among the three options is the one that minimizes the new
approximation error after bisection. The algorithm can be applied to any LP function, smooth or not,
in the context of piecewise polynomial approximation of any given order. In the case of piecewise linear
approximation, numerical experiments in [9] indicate that this elementary strategy generates triangles
with an optimal aspect ratio and approximations fy such that || f — fn | L» satisfies the same estimate as
en(f)re in (1.1).

The goal of this paper is to support these experimental observations by a rigorous analysis. Our paper
is organized as follows:

In §2, we introduce notations which are used throughout the paper and collect some available approx-
imation theory results for piecewise linear finite elements, making the distinction between (i) uniform,
(i) adaptive isotropic and (iii) adaptive anisotropic triangulations. In the last case, which is in the scope
of this paper, we introduce a measure of non-degeneracy of a triangle T" with respect to a quadratic form.
We show that the optimal error estimate (1.1) is met when each triangles are non-degenerate with in the
sense of the above measure with respect to the quadratic form given by the local hessian d?f. We end
by briefly recalling the greedy algorithm which was introduced in [9]. In §3, we study the behavior of the
refinement procedure when applied to a quadratic function ¢ such that its associated quadratic form q
is of positive or negative sign. A key observation is that the edge which is bisected is the longest with
respect to the metric induced by q. This allows us to prove that the triangles generated by the refinement
procedure adopt an optimal aspect ratio in the sense of the non-degeneracy measure introduced in §2. In
84, we proceed to a similar analysis in the case where q is of mixed sign, also proving that the triangles
adopt an optimal aspect ratio as they get refined. In §5, we study the behavior of the algorithm when
applied to a general C? function f which is assumed to be strictly convex. We first prove a perturbation
result, which show that when f is locally close to a quadratic function g the algorithm behaves in a similar
manner as when applied to ¢. This allows us to show that the optimal convergence estimate (1.1) is met
in the LP norm. We do not know if a similar result holds when the algorithm is applied to an arbitrary
C? function, although this seems plausible from the numerical experiments reported in [9].



2 Adaptive finite element approximation

2.1 Notations

We shall make use of a local approximation operator Ar from LP(T) onto II;. Here 1 < p < oo is
arbitrary but fixed. We define the local L? approximation error

er(f)p = IIf = ArfllLr(r)-

An assumption which will be important in our analysis is that the operator Ay commutes with affine
changes of variables:

Ar(f) oo = Ag—1(1r)(f 0 9),

for all affine transformation ¢. We may consider for Ay the operator By of best LP(T') approximation
which is defined by
If = Brfllzrery = min [|f = 7llzocr).

However this operator is non-linear and not easy to compute when p # 2. We therefore restrict our
attention to the following two options:

1. Ap = Pr, the L*(T)-orthogonal projection operator: [.(f — Iy f)m =0 for all w € II;.
2. Ar = Ir, the local interpolation operator: It f(v;) = f(v;) with {vg, v1,v2} the vertices of T.

Unless explicitely stated, all our results are simultaneously valid when Ap is either Pr or Ir. Given a
function f and a triangulation 7y with N = #(7y), we can associate a finite element approximation fx
defined on each T' € T by fn(x) = Arf(x). The global approximation error is given by

1f = fnller = ( > eT(f)g)%,
TeTN

with the usual modification when p = oc.
Here and throughout the paper, when ¢ is a quadratic polynomial

q(z,y) = > aapz™y’,
orp<z

we denote by q the associated quadratic form : if u = (z,y)

a(w) = q(u,u) = > aaszy’.
a+pB=2

It is the restriction to the diagonal of a bilinear form q(u, v) = (Qu, v) where the entries of the symmetric
matrix () are given by the coeflicients a,,3. We define

det(q) = det(Q).

If q is a positive or negative quadratic form, we define the q-metric

[vlq == Vla(v)]

which coincides with the euclidean norm when q(v) = 2% + y? for v = (z,y). If q is a quadratic form
of mixed sign, we define the associated positive form |q| which corresponds to the symmetric matrix |Q)|
that has same eigenvectors as @) with eigenvalues (|A[, |p|) if (A, ) are the eigenvalues of Q. Note that
la|(u) # |q(uw)| and that one always has |q(u)| < |q|(u).



2.2  From uniform to adaptive isotropic triangulations

A standard estimate in finite element approximation states that if f € W2P(Q) then

inf |[f = gllzr < Ch?||d*f] 1o,
gEVR

where V}, is the piecewise linear finite element space associated with a triangulation 7; of mesh size
h := maxreg, diam(T). If we restrict our attention to uniform triangulations, we have

N :=#(T;) ~ h™>.

Therefore, denoting by eW!(f)» the LP approximation by a uniform triangulation of cardinality N, we

can re-express the above estimate as
R (N < ON T fl o (2:3)

This estimate can be significantly improved when using adaptive partitions. We give here some heuristic
arguments, which are based on the assumption that on each triangle T the relative variation of d?f is
small so that it can be considered as constant over T (which means that f is replaced by a quadratic
function on each T'), and we also indicate the available results which are proved more rigorously.

First consider isotropic triangulations, i.e. such that all triangles satisfy a uniform estimate

rT

where hp := diam(T') and rp is the radius of the largest disc contained in 7. In such a case we start
from the local approximation estimate on any T’

er(f)p < Ch7[ld* f|Locr),

and notice that

W lld® fll oy ~ T flLoery = 12 fllLacr),
with % = %4— 1 and |T'| the area of T', where we have used the isotropy assumption (2.4) in the equivalence
and the fact that d?f is constant over 7' in the equality. It follows that

11
er(f)p < Clld fll (1), e +1

Assume now that we can construct adaptive isotropic triangulations 7y with N := #(7y) which equidis-
tributes the local error in the sense that for some prescribed € > 0

ce <er(f)p <e, (2.5)

with ¢ > 0 a fixed constant independent of T and N. Then defining fn as Ar(f) on each T € Ty, we
have on the one hand
If = fallze < NVPe,

and on the other hand, with % = 1—1) + 1,

N(ee)" < X M =l <C7 D NP flge iy < CTIFIE-

TeTN TeTn
Combining both, one obtains for e°(f)r» := ||f — fn|/z» the estimate
X (f)re < ON7Y|d* f| L-. (2.6)

This estimate improves upon (2.3) since the rate N1 is now obtained with the weaker smoothness
condition d?f € L™ and since, even for smooth f, the quantity ||d?f||- might be significantly smaller



than ||d®f||z». This type of result is classical in non-linear approximation and also occurs when we
consider best N-term approximation in a wavelet basis.

The principle of error equidistribution suggests a simple greedy algorithm to build an adaptive isotropic
triangulation for a given f, similar to our algorithm but where the bisection of the triangle T' that that
maximizes the local error ep(f), is systematically done from its most recently created vertex in order to
preserve the estimate (2.4). Such an algorithm cannot exactly equilibrate the error in the sense of (2.5)
and therefore does not lead to same the optimal estimate as in (2.6). However, it was proved in [4] that
it satisfies

If = fnlle < Clfl2 N2,

for all 7 such that 1 < % + 1. Here B? | denotes the usual Besov space which is a natural substitute for
W27 when 7 < 1. Therefore this estimate is not far from (2.6).

2.3 Anisotropic triangulations: the optimal aspect ratio

We now turn to anisotropic adaptive triangulations, and start by discussing the optimal shape of a
triangle T' for a given function f at a given point. For this purpose, we again replace f by a quadratic
function assuming that d?f is constant over T. For such a ¢ € Il and its associated quadratic form q,
we first derive an equivalent quantity for the local approximation error. Here and as well as in §3 and §4,
we consider a triangle T' and we denote by (a, b, ¢) its edge vectors oriented in clockwise or anticlockwise
direction so that

a+b+c=0.

Proposition 2.1 The local LP-approzimation error satisfies

1
er(q)p = er(q)p ~ [T|» max{[q(a)],|a(b)], [a(c)[},
where the constant in the equivalence is independent of q, T and p.

Proof: The first equality is trivial since ¢ and q differ by an affine function. Let T be an equilateral
triangle of area |T'| = 1, and edges a, b, c. Let E be the 3-dimensional vector space of all quadratic forms.
Then the following quantities are norms on E, and thus equivalent:

er(q), ~ max{|q(a)], la(0)[,[a(c)[}-

Note that the constants in this equivalence are independent of p since all LP(T) norms are uniformly
equivalent on E. If T is now an arbitrary triangle, we obtain the claimed equivalence with the same
constants by a change of variable. o

In order to describe the optimal shape of a triangle T' for the quadratic function g, we fix the area
of |T'| and try to minimize the error er(g), or equivalently max{|q(a)l|,|q(d)|, |a(c)|}. The solution to
this problem can be found by introducing for any q such that det(q) # 0 the following measure of

non-degeneracy for T':
_ max{lq(a)l, [a®)]:[a(e)]}

pall) = = et

It is easily checked that for any linear change of variable ¢, we have

qub(T) = pq(¢(T))- (2.8)

This allows to reduce the study of pq(T") to two elementary cases by change of variable:

(2.7)

1. The case where det(q) > 0 is reduced to q(z,y) = 2% + y%. In this case we have pq(T) = ‘h—;T‘,
which corresponds to a standard measure of shape regularity in the sense that its boundedness is
equivalent to a property such as 2.4. This quantity is minimized when the triangle T is equilateral,
with minimal value \/ig. For a general quadratic form q of positive sign, we obtain by change of

variable that the minimal value % is obtained for triangles which are equilateral with respect to

the metric |- |q. More generally triangles with a good aspect ratio are those which are isotropic with
respect to this metric. Of course, a similar conclusion hold for a quadratic form of negative sign.



2. The case where det(q) < 00 is reduced to q(z,y) = 2% — 2. In this case, elementary yet tedious
computations show that the quantity pq(7") is minimized when T is a half of a square with sides
parallel to the z and y axes, with minimal value 2. But we also notice that pq(T) is left invariant
by a linear transformation of T’ with eigenvalues (), ) and eigenvectors (1,1) and (—1,1) for any
A # 0. Therefore, the triangles with a good aspect ratio are not necessarily isotropic. For a general
quadratic form q of mixed sign, we find that triangles which are isotropic with respect to the metric
| - ||q have a good aspect ratio. But so do all triangles obtained from such isotropic triangles by a

linear transformation with eigenvalues (X, ) and eigenvectors (u,v) in the null cone of q, i.e. such
that q(u) = q(v) = 0.

We leave aside the special case where det(q) = 0. In such a case, the triangles minimizing the error for a
given area degenerate in the sense that they should be infinitely long and thin, aligned with the direction
of the null eigenvalue of q.

Summing up, we find that triangles with a good aspect ratio are characterized by the fact that pq(T')
is small. In addition, from Proposition 2.1 and the definition of pq(T"), we have

ex(@y ~ [T AeA@lpa(T) = IVRH@ - (rypa(T), 7=~ +1. (29)

We now return to a function f such that d?f is assumed to be constant on every T' € Ty. Assuming that
all triangles have a good aspect ratio in the sense that

pa(T) < C
for some fixed constant C and with q the value of d?f over T, we find up to a change in C that

er(f)p < CllVIdet(d* )| - (r) (2.10)

By a similar reasoning as with isotropic triangulations, we now obtain that if the triangulation 7y
equidistributes the error in the sense of (2.5),

If = falle < CNTHV/]det(d? )] - (2.11)

and therefore (1.1) holds. This estimate improves upon (2.6) since the quantity ||\/|det(d?f)|||- might
be significantly smaller than ||d?f||1-, in particular when f has some anisotropic features, such as sharp
gradients along curved edges.

The above derivation of (1.1) is heuristic and non-rigourous. Clearly, this estimate cannot be valid as
such since det(d? f) may vanish while the approximation error does not (consider for instance f depending
only on a single variable). More rigorous versions were derived in [7] and [2]. In these results |d?f| is
typically replaced by a majorant |d?f| + €I, avoiding that A(f) vanishes. The estimate (1.1) can then
be rigorously proved but holds for N > N(e, f) large enough. This limitation is unavoidable and reflects
the fact that enough resolution is needed so that the hessian can be viewed as locally constant over each
optimized triangle. Another formulation which is rigorously proved in [11] is of the form

limsup Nen (f)rr < C||v/|det(d? f)]||z-,

N—4oc0

where C' is an absolute constant.

2.4 The greedy algorithm

Given a target function f, our algorithm iteratively builds triangulations 7y with N = #(7y) and finite
element approximations fn. The starting point is a coarse triangulation 7y,. Given 7y, the algorithm
selects the triangle 7' which maximizes the local error er(f), among all triangles of 7y, and bisects it
from one of its vertex a; towards the mid-point of the opposite edge. This give the new triangulation
TNyt

The critical part of the algorithm lies in the choice of the edge e € {a,b,c} from which T is bisected.
Denoting by T, and T, 2 the two resulting triangles, we choose e as the minimizer of a decision function



dr(e, f), which role is to drive the generated triangles towards an optimal aspect ratio. While the most
natural choice for dr(e, f) corresponds to the optimal split

dr(e, f) =er.,(f)y +er.,(f)b,

we shall instead focus our attention on decision functions which are either based on the L? projection
error,

dr(e, f) = If = Pr. e, ) + 1f = Prooflliar, ) (2.12)

or the sum of the L* interpolation errors,

dr(e, f) = If = Ir., flleer ) + If = I s fllnos (1. ) (2.13)

With these two choices the analysis of the algorithm is made simpler, due to the fact that we can derive
explicit expressions when f = ¢ is a quadratic polynomial. We prove in §3 and §4 that both choices lead
to triangles with an optimal aspect ratio in the sense of a small pq(T"). This leads us in §5 to a proof
that the algorithm satisfies the optimal convergence estimate (2.11) in the case where f is C? and strictly
convex.

3 Positive quadratic functions

In this section, we study the algorithm when applied to a quadratic polynomial ¢ such that det(q) > 0.
We shall assume without loss of generality that q is positive definite, since all our results extend in a
trivial manner to the negative definite case.

We first establish that the refinement procedure - either based on the decision functions (2.12) or
(2.13) - always selects the vertex opposite to the longest edge in the sense of the g-metric | - |q. This is
used to prove that the refinement procedure produces triangles which tend to adopt an optimal aspect
ratio.

3.1 The L*-based split

Let us denote by
ar(f) = If — It fll L),

the interpolation error in the sup norm. The decision function (2.13) can be re-expressed as

dr(e, f) = oz, (f) + oz, (f). (3.14)

Theorem 3.1 If|a|lq > max{|bl|q, |c|q}, then dr(a,q) < min{dr(b,q),dr(c,q)}. Therefore the refinement
procedure based on (3.14) selects the longest edge in the sense the q-metric.

This theorem means that for the quadratic function ¢(z,y) = x? + y2, our refinement procedure is
equivalent to the longest edge bisection algorithm which has been extensively studied, see e.g. [13], and
which is known to promote isotropic triangles. This gives us a first insight on why our algorithm might
generates triangles which are locally adapted to the hessian without computing this quantity. In order
to prove this result, we first study the interpolation error in more detail.

Proposition 3.2 Let T be a triangle with edges a,b,c such that |alq > |blq > |clq, and let w € R? and
r > 0 be the center and radius of the circumscribed circle for the q-metric, i.e. such that |v—w|q = for

all the vertices v of T. Then
2

a
% <ar(q) <’
Right equality holds if T is acute, i.e. q(b,c) < 0. Left equality holds if T is obtuse, i.e. q(b,c) > 0.



Proof: At any point u € R?, we have

(4= Fra)(u) = Ju— wf2 — 1.

This function is negative on 7" with maximal value 0 at the vertices. If T' is acute, then its minimal
value on T is —r? and is attained at w € T. If T is not acute, then the minimum is attained at ms,
the midpoint of a, and if we choose a vertex v at one end of a, we obtain the value at the minimum by
Pythagora’s identity which gives
(¢ —Irq)(ma) = |ma - w|§2— r? = Igna —wlg = v —wlg
=—|v— ma|q = —|a|q/4.
o

The dichotomy in the above result is illustrated in the case of the euclidean metric on figure 4. Note
that it would be sufficient to establish the above proof in this particular case, since we can perform an
affine coordinate change ¢ = Q~/2 such that q o ¢ is the standard euclidean form and that the L>
interpolation error is left invariant by this coordinate change.

L&

Figure 4: maximum point for the L* interpolation error

We now prove the following result which clearly implies Theorem 4.5.

Proposition 3.3 Let T be a triangle with edges |alq > |blq > |c|q. We then have :

(a(a) —a(b))

(ata) — (Matlclaye)

dr(b,q) —dr(a,q) >

dr (Cv Q) —dr (a7 Q) >

g N

1
Tp

Figure 5: Notations in the proof of Proposition (3.3)

Proof: We introduce sub-triangles T}, i = 1,2 and e = a, b, ¢, as defined in Figure 5, which correspond
to the three refinement scenarios. With such definitions, the following inequalities are easily derived from
Proposition (3.2)

darz(q) q(b) (since T? is obtuse)
dari(g) = dla)
dari(q) > q(a)
darz(g) = q(b)



On the other hand, we shall prove
ari(q) < arz(q), (3.15)

2
dags (g) < (w) . (3.16)

The proof of (3.15) follows from elementary geometric observations. Let L be a line which is parallel
to ¢ but does not contain it, and for x € L denote by T the triangle of vertices z and the end points
of ¢. Denoting respectively by w(z) and v(z) the diameter of T, and of its circumscribed circle for the
g-metric, we remark that these functions decrease monotonously as = tends to a point z. which is the
orthogonal projection (also for the g-metric) of the mid-point of ¢ onto L. Since the function z — ar, (¢)
is continuous in = and equal to u(x) or v(z) at all z, we conclude that this function also decreases
monotonously as x tends to x.. Applying this observation to the line that contains m, and my the
mid-points of a and b, and remarking that m, is closer to x. than my, we conclude that (3.15) holds.
From (3.15) and the first set of inequalities, we obtain the first statement of the theorem since

71(q)
q(b)).

The proof of (3.16) also follows from elementary geometric observations. In the case where T} is
obtuse, one of its edges e is such that 4a71 = q(e), and (3.16) follows since |e|q < (|blq + |c|q) for all
e, using triangle inequality. In the case where T! is acute, the center w of its circumscribed circle for
the g-metric is inside 7}, and its diameter is not larger than £ (|b|q +|c|q) by convexity, as illustrated on
Figure 6 when q is the euclidean metric.

From (3.16) and the first set of inequalities, we obtain the second statement of the theorem since

and

dr(b,q) —dr(a,q) = ar(q)+arz(q) —or (q)

Y
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dr(c,q) —dr(a,q) = arz2(q) +ari(q) — ar(q) — ar1(q)
> L(q(b) + ala) — a(b) — (Latlda)2)
= i) - (Bege)?).

N

Figure 6: The case where T}} is acute.

3.2 The L*-based split

We now denote by
Br(f) = If — Uz fllz2cr)
the orthogonal projection error in the L? norm. The decision function (2.12) now writes

dT(67 f) = ﬁTe,l (f)2 + ﬁTe,Q (f)2 (317)

We shall prove that the refinement procedure based on (3.17) behaves in a similar way as (3.14).



Theorem 3.4 If (d,e) € {a,b,c} are two edges such that |d|q < |e|q, then dr(e,q) < dr(d,q). Therefore
the refinement procedure based on (3.17) selects the longest edge in the sense of | - |q.

In order to prove this result, we first provide with an algebraic expression of Gr(q) which is valid for
any quadratic function q.

Proposition 3.5 Let T be a triangle with edges a,b,c and area |T|, and let ¢ be a quadratic function.
Then

B7(q) = |T| (cr(ala) + a(b) + a(c))* — ca det(q)|T[?) . (3.18)
with constants ¢; = %00 and co = 1 634 = 555 -

Proof: We first prove (3.18) on the triangle R of vertices {(0,0),(0,1),(1,0)}. It is easy to compute
the integrals on R of monomials x¥y!, k 4+ 1 < 4. Using these quantities, we can derive the orthogonal
projection of a quadratic function thanks to a formal computing program, which gives us

ut+v+w 2z

2
q = ur?® +vy? + 2wry = Mrq = — 10 +?(2u+w)+€y(21)+w).

This yields the following expression for the L?-squared error between ¢ and its projection
1
/ (¢ —Trq)* = 300 (u® + (2uv) /3 + v* = 2uw — 20w + (Tw?)/3),
R

which is equivalent to (3.18).
For an arbitrary triangle T', using an affine bijective transformation ¢ from R to T', we have

Br(q)* = JoBr(9)*,

where § = go ¢ and Jy is the constant jacobian of ¢. Using the validity of (3.18) on R and the fact that
|T| = J4|R|, we thus obtain

Br(0)* = |71 (e1(@(@) + () + &(@)? ~ e2 det(@IRI?)

where q is the quadratic form associated to ¢ and ¢ denotes the edge segment of R mapped onto e by ¢.
Since q(¢) = q(e) and det(q) = J3 det(q), we obtain (3.18) for T. o

We now prove the following result which clearly implies Theorem 3.4.

Corollary 3.6 Let T be a triangle with edges a,b,c and area |T|, with |alq > |blq and |a|lq > |c|q. Then,

dr(b,) — dr(a,q) > eilT|(a(a) - a())

dr(e.q) ~dr(ag) > JalT|(a()’ - a()?)

Proof: The children triangles all have area |T'|/2, and take their edges among a,b,c, a/2,b/2,¢/2 and
ab boc c—a (recall that a + b+ ¢ = 0), on which the quadratlc form q can be expressed only in terms

bb c—
2’2

2072072
of q(a),q(b),q(c). In particular, for the last group £ ¢ we use the identity

q(u +v) + q(u —v) = 2q(u) + 2q(v),

which valid for all quadratic forms, and implies

10



Using (3.18), this allows us to compute the local projection errors for the childrens of T'. For example
bisecting the edge a creates two children 77 and T" with edges a/2,b, (c —b)/2 and a/2, ¢, (b— ¢)/2, and
therefore

8% (q)

ol ( (ata/2+ a0+ a5H) —eo det<q>|T'|2>

i < <3q<b>2+q<c>) - et 2 )

and similarly

Baa) = 2] ( (M) e det@%) .

Adding up, we thus obtain

dr(a,q) = |T| (c1(3a(b) + a(c))® + c1(a(b) + 3a(c))* — 2c2 det(q)|T|?) /8. (3.19)

Subtracting this from the analog expressions for dr (b, q) and dr(c, ¢), we obtain the announced inequal-
ities. o

3.3 Convergence toward the optimal aspect ratio

We have proved that the refinement procedure - either based on the L* or L? decision function -
systematically picks the vertex opposite to the edge of largest length in the g-metric. The purpose of this
section is to study the iteration of several refinement steps and show that the generated triangle tend to
adopt an optimal aspect ratio in the sense of the measure of non-degeneracy pq(T") introduced in §2.

For this purpose, it will be convenient to introduce a close variant to pq(T): if T is a triangle with
edges a, b, ¢, such that |a|q > |blq > |c|q, we define

a(b) +ale) _ Iblg+Ilg

T):= = . 3.20
a(l) = T Vot~ ATVt g (8:20)
Using the inequalities (]2 + |c|2 < 2|alZ and |a|2 < 2(]b|Z +|c|Z), we obtain the equivalence
T T

Similar to pq, this quantity is invariant by a linear coordinate changes ¢, in the sense that
0qos(T) = 0q(¢(T)),
From (2.9) and (3.21) we can relate oq to the local approximation error.

Proposition 3.7 The local LP-approximation error satisfies
1 1
er(q)p = er(Q)p ~ [T'|70q(T), o = 1_? +1,

where the constants in the equivalence only depend on the choice of Ar between Iy, Pr or the best LP(T)
approzimation. The same holds with ep replaced by cp with p = 0o or B with p = 2.

Our next result shows that oq(7T') is always reduced by the refinement procedure.

Proposition 3.8 If T is a triangle with children Th and Ty obtained by the refinement procedure for the
quadratic function q, then
max{oq(T1), 0q(T2)} < oq(T).

11



Proof: Assuming that |alq > |blq > |c|q, we know that the edge a is cut and that the children have area
|T'|/2 and edges a/2,b, (c — b)/2 and a/2, (b — ¢)/2, ¢ (recall that a + b+ ¢ = 0). We then have

2IT|\/Actq oa(T) < ala/2) +a(’5 ) (322)
= "t +a’5Y (3.23)

EUETTE (3.21)

= 2|T|\/detq oq(T). (3.25)

o

Remark 3.9 When q is the euclidean metric, the triangle that minimizes oq is the half square. This is
consistent with the above result since it is the only triangle which is conformal to both of its children after
one step of longest edge bisection.

Remark 3.10 It was already proved in [13] that longest edge bisection has the effect that the minimal
angle in any triangle after an arbitrary number of refinements is at most twice the minimal angle of the
inatial triangle.

Our next objective is to show that as we iterate the refinement process, the value of o4(T") becomes
bounded independently of ¢ for almost all generated triangles. For this purpose we introduce the following
notation: if T is a triangle with edges such that |a|q > |blq > |c|q, We denote by ¥q(T) the subtriangle of
T obtained after bisection of @ which contains the smallest edge c¢. We first establish inequalities between
the measures oq and pq applied to T and 14 (T).

Proposition 3.11 Let T be a triangle, then

5

0q(¥q(T)) gPa(T) (3.26)

pa(T) 16

Proof: We first prove (3.26). Obviously, ¢q(T") contains one edge s € {a,b,c} from T, and one half edge
te{%,2 ¢} from T. Therefore

IN

IN

|sl5 + It12 a2+ 122 5
0q(¥q(T)) < 14 <4 9 — Zpo(T).
v Al1pq(T)|Vdetq — 2|T|/detq 8 °

For the proof of (3.27), we restrict our attention to the case q = x2 + 2, without loss of generality thanks
to the invariance formula (2.8).

Let T be a triangle with edges |a|] > [b| > |¢|. If h the width of T in the direction perpendicular to a,
then

_ 2T _ 2[a|
lal  pqg(T)
The sub-triangle ¥q(T) of T has edges §, c,d where d = %, and the angles at the ends of § are acute.

Indeed .
<ng> = 7 (10 = laf* — |¢?) <0 and (d, g> -

By Pythagora’s theorem we thus find

(le* = 1p*) < 0.

RN

2 2 2 16
w51y < 570 = 14 ().

12



Dividing by the respective areas of T' and ¢4(T"), we obtain the announced result. o

Our next result shows that a significant reduction of o4 occurs at least for one of the triangles obtained
by three successive refinements, unless it has reached a small value of og.

Proposition 3.12 Let T be a triangle such that oq(¢V3(T)) > 5. Then oq(h3(T)) < 0.6904(T).

Proof: The equation (3.26) tells us that pq(¢¥Z2(T)) > S0q(¥3(T)) = 8. Moreover, solving a second

degree equation, the inequality (3.27) gives for any triangle S:

If pg(1q(S)) > 4 then pqy(S) > pq(1q(S)) + \/ Pa(1q(9))? — 16.

Applying this to S = ¥q(T) we find that pq(¢q(T)) > 14.9. Applying it again to S = T we obtain
pq(T) > 29.3. Using again (3.27), it follows that

PWaM) 1, 16 16 16
oy sz e ra) =0

Finally, the inequalities (3.21) imply that
204(V5(T)) < pa(¥g(T)) < 0.17T1pg(T) < 0.171(804(T))

which concludes the proof. o

An immediate consequence of Propositions 3.8 and 3.12 is the following.

Corollary 3.13 If (T;)%_, are the eight children obtained from three successive refinement procedures
from T for the function q, then

o for alli, oq(T;) < oq(T),

o there exists i such that oq(T;) < 0.6904(T) or oq(T;) < 5.

We are now ready to prove that most triangles tend to adopt an optimal aspect ratio as we iterate the
refinement procedure.

Inog(T)=Inb
—1n(0.69)
Then after n applications of the refinement procedure starting from T, at most CnF7™/3 of the 2™ generated
triangles satisfy 0q(S) > 5, where C is an absolute constant. Therefore the proportion of such triangles

tends exponentially fast to 0 as n — +oo.

Theorem 3.14 Let T be a triangle, and q a positive definite quadratic function. Let k =

Proof: If we prove the proposition for n multiple of 3, then it will hold for all n (with a larger constant)
since 04 decreases at each refinement step. We now assume that n = 3m, and consider the octree with
root 1" obtained by only considering the triangles of generation 3% for k =0,--- , n.

According to corollary 3.13, for each node of this tree, one of its eight children either checks oq < 5
or has its non-degeneracy measure diminished by a factor 6 := 0.69. We remark that if o4 is diminished
at least k times on the path going from the root T to a leaf S, then 04(S) < 5. As a consequence,
the number N(m) of triangles S which are such that oq(S) > 5 within the generation level n = 3m is
bounded by the number of words in an eight letters alphabet {a1,---,as} with length m and that use
the letter ag at most k times, namely

k

N(m) < Z (7) 7l < ombT™,

=0

which is the announced result. o
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4 Quadratic functions of mixed sign

In this section, we study the algorithm when applied to a quadratic polynomial ¢ such that det(q) < 0.
We shall follow the same steps, and reach similar conclusions, as in the positive definite case, using
a measure of non-degeneracy which is equivalent to pq(7). If a triangle T has edges a, b, ¢ such that
la(a)| > |a(b)| > |a(c)|, we will still refer to a as the “longest” edge in the sense of q, although q does
not define a proper metric anymore.

The following inequalities that will be repeatedly used in this section can be derived when pq(T) is
large enough. We postpone their proof to the appendix.

Proposition 4.1 Let T be a triangle such that |q(a)| > |q(b)| > |a(c)|, and define d = 25<.
If pa(T) = 4, then q(a)a(b) = 0, |a(a)| > 4|a(c)| and |q(a)| > 4]a(d)]. (4.28)

If palT) 2 8, then la(o)] < Zla®) + a(e)]. (4.29)

4.1 The L*-based split

Theorem 4.2 1f la(a)] > max{la()l, ()} and pq(T) = 4, then dr(a,q) < min{dz(b,q),dr(cq)}.
Therefore the refinement procedure based on (3.14) selects the longest edge in the sense of q.

This theorem is very similar to the one for positive quadratic functions. In order to prove it, we first
study the interpolation error which has a simple form in this context.

Proposition 4.3 Let T be a triangle with edges a,b,c. Then

ar(q) = imax{lq(a)l, la(®)], la(c)l}-

Proof: Let z be the point of 7" at which the interpolation error is attained: z¢ = argmaxy |¢ — Irq|. If
xg is in the interior of T', then it must be a local extremum of ¢ — Irq. However this function has only
one critical point on R?, which is not an extremum since q has mixed signature. Therefore o must lie
an edge. On each edge of T, the function ¢ — Irq is a one dimensional quadratic function vanishing at
the endpoints. It follows that zy must lie in the middle of one edge and the result follows. o

Proposition 4.4 Let T be a triangle with edges |q(a)| > |q(b)| > |a(c)| and verifying pq(T) > 4. Then

dr(b,q) — dr(a,q) > M
dr(c,q) — dr(a,q) > |qéa)|

Proof: The bisection through the edge a creates two sub-triangles T}, T of edges respectively 5,0,d

and §,c,d. Using the last two inequalities in (4.28) we obtain that 4apm = max{|q(a/2)|,[q(b)|} and

darz = |q(a/2)|. Therefore

tdr(arq) = 1 1 a9 .

On the other hand, the choice of bisecting the edge b creates two subtriangles respectively containing the
edges a and %, and the choice of bisecting the edge c creates two subtriangles respectively containing the
edges a and b. This provides us with the lower bounds

sir,g) > Ja(e)+ 9L

4dr(c,q) > |q(a)| + |q(b)].

The proposition follows easily, distinguishing between the two cases |q(a)| < 4|q(b)| and |q(a)| > 4|q(b)].
o
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4.2 The L*-based split

The same conclusions can be reached for the refinement procedure based on (3.17).

Theorem 4.5 1f |a(a)] > max{la()|, ()} and pq(T) > 4, then dr(a,q) < min{dz(b,q),dr(c,q)}.
Therefore the refinement procedure based on (3.17) selects the longest edge in the sense of q.

Proof: The expression found in (3.19) remains valid when det(q) < 0. Substituting a by b or ¢ and
subtracting, we obtain

dr(b,0) ~dr(eq) = 2 7I(a(@) — a))(s + 22
dr(eq) ~drlag) = “HT\(a(a) — a(e)(s + B2

where s = q(a) + q(b) + q(c¢). Using (4.28), we see that s + @, s+ %, q(a) — q(b) and q(a) — q(c)
all have the same sign as q(a) and are non-zero. It follows that dr(a,q) < min{dr(b, q),dr(c,q)}. o

4.3 Convergence toward the optimal aspect ratio.

We have proved that the refinement procedure - either based on the L* or L? decision function -
systematically picks the longest edge in the sense of q. Similarly to the positive definite case, we now
study the iteration of several refinement steps and show that the generated triangles tend to adopt an
optimal “aspect ratio” in the sense of the measure of non-degeneracy pq(7') introduced in §2.

As in §3.3, we introduce a close variant to pq(T'). If T is a triangle with edges a, b, ¢, we define

min ([q(a) +q(b)], la(b) +a(¢)l.]ale) +ala)))

4[T|\/Tdetq]

Note that if q was a positive quadratic form, this definition is consistent with (3.20). We define our
measure of non-degeneracy kg by

oq(T) := (4.30)

5
kq(T) = max(oq(T), 5) (4.31)
We first show that the quantities kq and pq are equivalent.
Proposition 4.6 For any triangle T, one has
204(T) < pa(T), (4.32)
and
4 32
g’iq(T) < pq(T) < ?’iq(T)' (4.33)

Proof: The inequality (4.32) follows directly from the triangle inequality:

2/ Taet gl (1) < IO g0y < 71 Tactalpa(D).

As mentionned earlier, pq(7T') is always larger than 2 and therefore (4.32) implies the left inequality in
(4.33).

It remains to prove the right inequality in (4.33). If pq(T)
325 > 8. If pq(T) > 8 we infer from (4.28) that |q(b) + q(c)|
(4.29) that |q(a)| < §]q(b) + q(c)|. It follows that

< 8, it is immediate since oq(T") > g and
< la(a) + a(c)| < la(a) + a(b)], and from

a@l Sl +a@l 82, g 32, o

T) = —
pall) =10 Jlaetal = 3 11yldeta 3
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which concludes the proof. o

Similar to pq, the quantity xq is invariant by a linear coordinate changes ¢, in the sense that

tiqog (T') = kq(¢(T)).
Our next result shows that rq(7) is always reduced by the refinement procedure.

Proposition 4.7 If T is a triangle with children Th and Ty obtained by the refinement procedure for the
quadratic function q, then
max{rq(11), 0q(T2)} < rq(T).

Proof: Let us assume that a is the longest edge in the sense of q. In the case where pq(T) > 4, we
already noticed in the proof of Proposition 4.6 that

a) +a(e)l
AT}/ Tdeval

Moreover, according to the results established in §4.1 and 4.2, the edge a is selected by both decision
functions. It follows that children T; have edges a/2,b, (c—b)/2 and a/2, (b—c)/2, ¢ (recall that a+b+c =

0). We thus have
2(T|\/[deta oq(T:) < ’qm/z) +a(%5°)
= la(%9) +a(%59)
lat) Fale)|

= 2
= 2|T|y/|detq| oq(T

ogq(T) =

We have proved that oq(T;) < 0q(T), and it readily follows that kq(T;) < kq(T).
In the case where pq(T") < 4, we remark that T; contains at least one edge from T, say s € {a,b,c}
and one half-edge ¢ € {§, %, st ThlS provides an upper bound for oq :
la(s) +a@®)] _ lal@)[+la(5)] _ 5 5
oq(T;) < < = —pga(T) < =. 4.34
alT) S oo Taeral = 217 Vdetq) 8740 =3 (4.34)
Therefore kq(T;) = 2 < kq(T). o

Our next objective is to show that as we iterate the refinement process, the value of kq(T") becomes
bounded independently of ¢ for almost all generated triangles. If T is a triangle such that |q(a)| >
la(b)| > |a(c)| and if the edge a is cut (which is the case as soon as pq(T") > 4) we define 1)4(T) as the
subtriangle containing the edge c¢. We first prove a result which is analogous to Proposition 3.12.

Proposition 4.8 If T is a triangle such that kq(y3(T)) > 3, then rkq(3(T)) < 2kq(T).

Proof: Let S be a triangle such that rq(¢q(S)) > 2. According to (4.34), one must have pq(S) > 4.
Assuming that the edges of S satisfy [q(a)| > |q(b)| > |q(c)|, since the three edges of ¢4(5) are £, ¢, 3¢

we infer from (4.28) that the longest edge of 14(S) in the sense of q is §.

Since kiq(Vq(T)) > kq(q(T)) > kq(¥E(T)) > 5, we can apply this observation to the triangles T,
¥q(T) and 1/12( ). Therefore, denoting by a the longest edge of T" in the sense of q, we find that § is the
longest edge of Y2(T). Since [¢3(T)| = |T|/8, we obtain that pg(13(T)) = pg(T)/8. Using the results of

Proposition 4.6, we thus have

557

1
Ka(U3(T)) = 0a(W3(T)) < 5pa(W3(T)) = 1pal(T) < ra(T),
which concludes the proof. o

An immediate consequence of Propositions 4.7 and 4.8 is the following.
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Corollary 4.9 If (T;)%_, are the 8 children obtained from 3 successive refinement procedures from T for
the function q,

o Vi, tq(T) < riq(T)
o Ji,kq(Ti) < 2kq(T) or kq(T;) = 3.

We finally obtain the following result which proof is exactly similar to the one of Theorem 3.14.

In(2kq(T)/5
(ln37(ln)2/ ) Then

after n applications of the refinement procedure starting from T, at most CnF7™/3 of the 2" generated
triangles are such that kq(S) > % where C' is an absolute constant. Therefore the proportion of such
triangles tends exponentially to 0 as n — +o0.

Theorem 4.10 Let T be a triangle, and q a quadratic function of mized type. Let k =

5 The case of strictly convex functions

The goal of this section is to prove that the approximation error in the greedy algorithm satisfies the
estimate (1.1) corresponding to an optimal triangulation. Our main result is so far limited to the case
where f is strictly convex.

Theorem 5.1 Let f € C*(Q) be such that
d?f(z) >al, z€Q

for some arbitrary but fized o > 0 independent of x. Let fn be the approximant obtained by the greedy
algorithm for the LP metric, using the L decision function (2.13). Then, there exists No = No(f) such

that for N > Ny,
If = falle < CN7H|y/det(d2f)]| -, (5.35)

where % = 11) + 1 and where C is an absolute constant.

The extension of this result to strictly concave functions is immediate by a change of sign. Its extension
to arbitrary C? functions is so far uncomplete, although plausible, as we explain in the concluding remarks
of §6. The proof of Theorem 5.1 will use the fact that a strictly convex C? function is locally close to a
quadratic function with positive definite hessian, which allows us to exploit the results obtained in §4 for
these particular functions.

5.1 A perturbation result

Our first step towards the proof of Theorem 5.1 therefore consists in describing how the results obtained
in §3 extend to arbitrary convex functions which are closeon a given triangle T to a quadratic function
in the C? norm.

In the following, we fix a > 0 and 0 < ¢ < «, and consider a pair of functions (g, f) defined on a
triangle T', such that

e ¢ is a quadratic polynomial such that d?q > al.
o fisa C? function and ||d*f — d?q|| (1) < € (with || - || the spectral norm).

We also define .
pi=—<1
«

Since the greedy algorithm is driven by the quantities er(f),, and ar(f) or Br(f), we first need to
show that these quantities do not differ too much from those associated with q.
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Proposition 5.2 There exists an absolute constant Ce > 1 such that

(1= Cepler(q)p < er(f)p < (14 Cep)er(q)p- (5.36)

The same holds for ar and Br in place of er with absolute constants Cy, and Cg in place of C.. Moreover,

(1 — p)y/detq < /detd?f < (14 p)y/detq. (5.37)

Therefore, using Proposition 3.7, and assuming that p < ce 1=

1 1. 1
307 we have with — =1+

er(f)p ~ er(@)p ~ oq(T)|V/|det dlll-(7) ~ og(T)[/det & f|[ (1),
with absolute constants in the equivalence.

Proof: Using Taylor formula, we know that there exists an affine function 7 such that

1
If —q—7llpee(r) < fhzzr-

We remark that for both Ay = Ir or Pr, the operator I — Ap is bounded in the L*°(T') norm with
spectral norm C = ||I — Ar|| independent of T (by affine change of coordinate). Note that C =1 in the
case Ar = Ir. Since Apm = mw, we thus have

C

|(f =Arf) = (¢ = Arq)|lLery S Clf —q—7||po(ry < Egh%u

where C' is an absolute constant. Therefore
c 1/p.1,2
I(f = Azf) = (@ = Ar@) oy < Cllf —a = 7llwoery < ST Pehy,

It follows that o o
er(q)p — 5|Tl”psh?r <er(f)p <er(q)p + 5|T|1/pgh:f;.

On the other hand, we know from Proposition 2.1
er(q)p ~ |T["'? max{a(a), a(b), a(c)} > [T|"Pahi,

we obtain (5.36).
For the proof of (5.37), we remark that if M and N are symmetric matrices such that || N|| < e and
M > al, with 0 < € < «, then

(M —e)(Aa—¢) <det(M+N) < (A +e)(A2+¢),
where (A1, A2) are the eigenvalues of M which are both larger than a so that
(1—¢e/a)* <det(M + N)/det M < (1+¢/a)?.

Applying this to M = d?q and N = d?f — d?q, this gives the desired result. o
We have proved in the §4 that if ¢ is a positive quadratic function the decision functions dr(e, q),
either defined by (3.14) or (3.17), always prescribes to split towards the longest edge in the sense of the

g-metric. We now want to identify as much as possible the choice prescribed by dr(z, f). This motivates
the following definition:

Definition 5.3 Let T be a triangle with edges a,b,c. A §-near longest edge bisection with respect to the
q-metric is a bisection of any edge e € {a, b, c} such that

q(e) > (1 — §) max{q(a),q(b),q(c)}

Using the closeness between f and ¢, we can prove that the bisection choice prescribed by dr(z, f) is
of the above type, if i is small enough.
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Lemma 5.4 The bisection of T prescribed by dr(x, f) is a Cyu-near longest edge bisection with respect
to the q-metric, where C is an absolute constant.

Proof: Let us assume |a|q > |blq > |c|q- From Proposition 5.2, we have

|dr(e,q) — dr(e, f)| < Copdr (e, q),

with dr either defined by (3.14) or (3.17) and C an absolute constant.
We shall first assume that p < ﬁ If dr(e, f) < dr(a, f) for some edge e, we have

14 Cop
d <
T(evq) =1_ CON

dr(a,q) < (1+4Cop)dr(a, q).

We now want to show that q(e) < (1 — C1p) max{q(a),q(b),q(c)}. We only need to consider the cases
where e = b or c.

For this purpose, we distinguish between the two types of decision functions. When dr is defined by
(3.14), we know from Proposition 3.3,

A(dr (b, q) — dr(a,q)) q(a) — q(b)

4(dT(C7 q) — dT(a, q)) > q(a) _ (|b|q; |C|Q)2 > q(CL) ; Q(C)

Y

On the other hand, according to the estimates obtained in the proof of Proposition 3.3, we have

alh) _ o)

dr(a,q) = ari(q) + ar:(q) < 5 5

Therefore, if e = b, since dr (b, q) < (14 4Cop)dr(a,q), it follows that

q(a) — q(b) < 4(dr(b,q) — dr(a,q)) < 16Copdr(a,q) < 8Couq(a).

Similarly, if e = ¢, since dr(c,q) < (1 4+ 4Cop)dr(a, q), it follows that
q(a) — q(c) < 8(dr(b,q) — dr(a, q)) < 32Copdr(a, q) < 16Couq(a).

We have thus obtained the desired result with C; = 16Cy. When dr is defined by (3.17), we know from
corollary 3.6 that for e = b or c,

dr(e.q) — dr(a,0) 2 SerlTl(a(@) -~ a(e)?) 2 JerlTla(a)(a(a) - ale).

On the other hand, according to (3.19), we also have dr(a,q) < 4|T|c1q(a)?. Combining both, we obtain

that
4 1600#
dr

a(a) — a(e) < g (drle,q) — drla,q) < 5t

We have thus obtained the desired result with C; = %Co.
Finally, we notice that in the case where p > 2—é0, we have Cip > 1 for both values of C; obtained

above. In that case, the result is trivial since any bisection is a 1-near longest edge bisection. o

64C,
(a,0) < —=q(a).

We now introduce a perturbed version of the estimates describing the decay of the non-degeneracy
measure which were obtained Corollary 3.13.

Proposition 5.5 If (T;)5_, are the eight children obtained from three successive refinement procedures
from T for the function f, then

o for alli, oq(T;) < 0q(T)(1+ Cap),
o there exists i such that oq(T;) < 0.6904(T)(1 + Cap) or oq(T;) < M,
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where Co is an absolute constant and M = 4(1 + Cacp).

Proof: Let (T7)?_, be the eight children obtained from three successive refinement procedures from 7'
for the function ¢. We know from Corollary 3.13 that 0q(T}) < 04(T') for all i and that there exists i
such that either o4(7}) < 304(T) or o4(T]) < 4. The triangles T; might differ from the 7] but we shall
prove that for a suitable ordering of the T3,

|0q(Ti) — 0q(T})| < Capog(T7), (5.38)

which clearly implies our result, with M = 4(1 + Ca¢p). The idea is to use the fact that the bisection
of T prescribed by dr(z, f) is a near longest edge bisection with respect to the g-metric as shown
by Lemma 5.4 in order to prove that the triangles T; and 7] have similar shape. For this purpose,
we introduce a distance between triangles: if 77 and 7% have edges a1,b1,c1 and ag, b, co such that

a(a1) > q(b1) > q(c1) and q(az) > q(b2) > q(c2), we define
dq(T1,T2) = max{|q(a1) — q(az2)], |a(b1) — q(b2)], la(c1) — ale2)|}-

Note that dq is a distance up to rigid transformations. Using this distance, we now compare (R1,U;) and
(R2, Us), the two pairs of childrens obtained from one refinement procedure from T} for the functions ¢ and
T for the function f respectively. Up to a permutation, Ry and U; have edge vectors by, a1/2, (¢ —b1)/2
and ¢1,a1/2, (by — ¢1)/2. From Lemma 5.4, we see that two situations might occur for the pair (Rg, Us):

e q(e) < (1 —Cyu)q(az) with C; the constant in 5.4 for e = by and c3. In such a case the refinement
procedure for f bisects T5 towards as, so that up to a permutation, Re and Uy have edge vectors
ba,a2/2,(ca — b2)/2 and ca,a2/2, (ba — ¢2)/2. Using that ¢((c — b)/2) = q(¢)/2 + q(b)/2 — q(a)/4
when a + b+ ¢ = 0, it clearly follows that

)
max{éq(Rl, Rg), 6q(U1, Ug)} S Zéq(Tl, Tg)

e q(e) > (1-Cipu)q(az) with C; the constant in 5.4 for some e = bs or ¢z. In such a case the refinement
procedure for f may bisect T5 say towards bs, so that up to a permutation, Re and Us have edge
vectors ag, ba/2, (ca — a2)/2 and cg,b2/2, (ba — ¢2)/2. But since |q(b2) — q(az)|lq < Cipqlaz), we
obtain that

5
max{éq(Rl, Ry), 6q(U1, Ug)} < Zéq(Tl, Tz) + Cluq(ag).

Applying the last estimate with 73 = T5 = T and iterating it on the childrens and grand-childrens of T,
we obtain that up to a suitable ordering the triangles (73)%_, and (77)%_, satisfy

) ) 61
[ max 0q(Ti, T7) < (1 + 1t (Z)Q)OMQ(G) = 1gC1rala),

where a is the longest edge of T' in the g-metric. In order to conclude, we remark that according to the
definition of o4, and using the fact that T; and T have equal area, we have

26(T;, T)) 61 q(a) 61
oq(T;) —0q(T))] € ————= < —Cip—-F—= < —Cypoy(T
| q( ) q( )l 4|T;|/det(q) 3 1M4|Ti| det(q) e )
We therefore obtain the desired result with Cy := %Cl. o

5.2 Local optimality

Our next step towards the proof of Theorem 5.1 is to show that the triangulation produced by the
greedy algorithm is locally optimal in the following sense: if the refinement procedure for the function f
produces a triangle T' € D on which f is close enough to a quadratic function ¢, then the triangles which
are generated from the refinement of T" tend to adopt an optimal aspect ratio in the g-metric, and a local
version of the optimal estimate (1.1) holds on 7.
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We first prove that most triangles adopt an optimal aspect ratio as we iterate the refinement procedure.
Our goal is thus to obtain a result similar to Theorem 3.14 which was restricted to quadratic functions.
However, due to the perturbations by Cou that appear in Proposition 5.5, the formulation will be slightly
different, yet sufficient for our purposes: we shall prove that the measure of non-degeneracy becomes
bounded by an absolute constant in an average sense, as we iterate the refinement procedure.

For 7 > 0, we define the average r-th power of the measure of non-degeneracy of the 23" triangles
obtained from T after 3n iterations of the refinement procedure:

aa(n):% Z UQ(T’),

T'eT(T)

where 7,“(T) is the triangulation of T" which is built by iteratively applying the refinement procedure for
the function f starting from T up to 3n generation levels. Note that #(7,%(T)) = 23" and |T"| = 273"|T|
for all T € T*(T'). We also define

100, ) = 5 (06901 4+ Com)) + 11+ Con,

ol —

where Cj is the constant in Proposition 5.5. One easily checks that for any r > 0, there exists p(r) > 0
and 0 < y(r) < 1 such that y(r,u) < y(r), if 0 < p < p(r).

Proposition 5.6 Assume that 0 < u < p(r). We then have
M’I"
8(1—~(r)’

if 257 > 80 (To)™ with A = %

Proof: Let us use the notations u = 3(1 4 Cop) and v = (1 + Cap). According to Proposition 5.5, we
have

oq(n) < E(ay,),
where E is the expectation operator and o, is the Markov chain with value in [1, +oo[ defined by
e 0,41 = max{o,u, M} with probability « := %,
® 0,11 = 0,v with probability 5 := %,
o g = 04(Tp) with probability 1.

Denoting by u, the probability distribution of o, we have
o0
Boj) = [ oTdinia(o)
1

= /100 (a(max{uo, M})" + B(vo)") dun (o)

M/u oo 400
aMT/ dun (o) + aur/ o dpn (o) + ﬁvr/ o"dpn (o)
1 M/u 1

aM” + (au” + pv")E(07)
aM” + ~v(r)E(o;,)

n

IAIA

By iteration, it follows that
aM”

B(o7) < B39 + oo
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which gives the result. o

Our next goal is to show that the greedy algorithm initialized from 7" generates a triangulation which
is a refinement of 7,“(T) and therefore more accurate, yet with a similar amount of triangles. To this
end, we apply the greedy algorithm with root T" and stopping criterion given by the local error

=, min e (f)p-
Therefore T" is splitted if and only if ez (f), > 1. We denote by 7n(T") the resulting triangulation where

N is its cardinality. From the definition of the stopping criterion, it is clear that T (7T') is a refinement
of TW(T).

Proposition 5.7 Assume that p < fracl2Cy, where Cy is the constant in Proposition 5.5, and define

ro = lnf‘f%ng > 0. We then have

N < C42°"0? (n),

where Cy is an absolute constant. Assuming in addition that p < u(rg) as in Proposition 5.6, we obtain
that
N < 05237,

if 237 > 8001(T)A with A := _31’;]"7%, and where Cs = C3C4.

Proof: Let Ty be a triangle in 7,*(T") and T5 a triangle in 7n(T') such that To C T3. We shall give a
bound on the number of splits & which were applied between T; and T5, i.e. such that |T5| = 27%|T}].
We first remark that according to Proposition 5.2, we have

n>c min |T’|1+%aq(T’)\/detq > [Ty |7 /detq,

T/ ETH(T)

where c¢ is an absolute constant. On the other hand, using both Proposition 5.2 and 5.5, we obtain

1

ery(fla < C|Ta|" "7 oq(Th)v/detq

= |1y |*r2 k) o (T3) /et q

k
< CIT[ " Faq (1) (2709 (1 + Cap) ) VieTa.
k

C g (Ty) (LGt
Soa(T1)(3)"n,
where C' is an absolute constant. Therefore we see that k is at most the smallest integer such that

%aq(Tl)(%)k < 1. Tt follows that the total number n(77) of triangles To € Tn(T') which are contained in
T1 is bounded by

VANVAN

() < 2* < 2 Eaq(m),

and therefore

N= Y <Gy Y samye = Caton,

T eT*(T) T eTH(T)
with Cy = 2(€)™. The fact that N < C52%" when 23" > 804(T)* with A := % is an immediate
consequence of Proposition 5.6. o

5.3 Optimal convergence estimates

Our last step towards the proof of Theorem 5.1 consists in deriving local error estimates for the greedy
algorithm. For n > 0, we denote by f, the approximant to f obtained by the greedy algorithm with
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stopping criterion given by the local error 7 : a triangle T is splitted if and only if er(f), > n. The
resulting triangulation is denoted by

T, = Ty, with N = N(n) = #(T;).

For this N, we thus have f, = fn. For a given T generated by the refinement procedure such that
n < er(f)p, we also define
T,(T)={T"cT; T €T,}

the triangles in 7,, which are contained in 7" and

N(T,n) = #(Ty(T)).

Our next result provides with estimates of the local error ||f — fy||z»(1) and of N(T,n) in terms of 7,
provided that p is small enough.

Theorem 5.8 Assume that p < cg := min{ﬁ, w(ro)}, and that n < ng, where

no = no(T) := (Uq|(1;))\);\/det q,

with \ = 202 _ - ond % = % + 1. Then

(o)’
1
If = follLery < nN(T,n)7, (5.39)
and
N(T,n) < Cen 7|V det & f[|7- (1), (5.40)

where Cg is an absolute constant.
Proof: The first estimate is trivial since
1 1
P P 1
1 = Fallwey = (0 enth)” < (X W) =aN(@0)r.
T'eT,(T) T'eT,(T)

In the case p = 0o, we trivially have
If = follzee(y < m-

For the second estimate, we define ng = no(T') the smallest positive integer such that 2370(7) > 8¢ (T)*

with \ = 7_3”) n2_ - por any fixed n > ng, we define
In~v(ro)
= min e .
M= ey T ()

We know from Proposition 5.7 that with the choice n = n,

N(T,n,) < Cs52%™. (5.41)

On the other hand, we know from Proposition 5.6, that o¢’(n) < Cs, from which it follows that

IN

min _ oq(7")

cse.
T/ €T (T)

According to Proposition 5.2, we also have

. 1 L TIN 7
N, < C  min |T'|1+Paq(T/)\/detq§03°O(|23—7|1) vdetq,

T/ eTH(T)

where C' is an absolute constant, which also reads

28 < 00 T, 7T |/ det q .
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Combining this with (5.41), we have obtained the estimate

N(T,14) < C5C3° CT, 7|T|/detq

which by Proposition 5.2 is equivalent to (5.40) with n = n,. In order to obtain (5.40) for all arbitrary
values of n, we write that 1,11 < n <m, for some n > ng, then

N(T7 77) S N(T7 77n+1)
< 0523(n+1)
<8C5C;° C™n, " |T|y/detq”
< 8C5C,° C™y~7|T|/detq

which by Proposition 5.2 is equivalent to (5.40). In the case where 1 > n,,,, we simply write

N(T,n) < N(T,nn,)
< 0523110
< 64C504(T)
= 64C5n; "|T|/detq”
< 64Cs5n~7|T|v/detq ",

and we conclude in the same way. o

We remark that combining the estimates (5.39) and (5.40) in the above Theorem yields the optimal
local convergence estimate

1
1f = falleocry < Cg 1V det @2 f| ey N(T,m) ™"

In order to obtain the global estimate of Theorem 5.1, we need to be ensured that after sufficiently many
steps of the greedy algorithm, the target f can be well approximated by quadratic function ¢ = ¢(T") on
each triangle 7', so that our local results will apply on such triangles. This is ensured due to the following
key result.

Proposition 5.9 Let f be a C? function such that ol < d?f(x) for all x € Q and o > 0 independent
of . Let Ty be the triangulation generated by the greedy algorithm applied to f using the L decision
function given by (2.13). Then
lim max diam(T) = 0,
N—+ocoTeTN

i.e. the diameter of all triangles tend to 0.
Proof: See appendix.

Remark 5.10 We conjecture that this result is also true for the L? decision function given by (2.12),
although we were not able to prove it. This is the only reason why the optimal convergence estimate in
Theorem (5.1) is stated for the L* based decision function.

Proof of Theorem 5.1 Since f € C?, an immediate consequence of Proposition 5.9 is that for all i > 0,
there exists

N1 = Nl(fa,u)v

such that for all T' € Ty, , there exists a quadratic function ¢r such that
|d°f — d®qr| Lo () < € = pav.
Therefore our local results apply on all T € Ty, . Specifically, we choose

Nl = Nl(f702)7
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with ¢ the constant in Theorem 5.8. We then take

n <mno:= min {er(f)p, (%)? /det qr},

T€TN,

‘We use the notations
fo=1In, Ty=Tny N=N(n) =#(T,) = #(In),

for the approximants and triangulation obtained by the greedy algorithm with stopping criterion given
by the local error . Note that 7, is a refinement of 7y,, since n < minrezy, er(f)p, and therefore
N > N;. We obviously have

1
If =[xl <nN?.
Using Theorem 5.8, we also have

N = Z N(T,n) < Cen 7|V det d® f[|1-(q)

TeTN,

and therefore )
If = fnll < C [V det d2 |-y N 1,

which is the claimed estimate. Since we have assumed 1 < 7, this estimate holds for
N > Ny,

where Ny is largest value of N such that er(f), > 7o for at least one T € Ty o

Remark 5.11 In [9] a modification of the algorithm is proposed so that its convergence in the LP norm
is ensured for any function f € LP(Q) (or f € C(Q) when p = o0). However this modification is not
needed in the proof of Theorem 5.1, due to the assumption that f is convez.

6 Concluding remarks

In this work, we have shown that a simple greedy algorithm based on iterative bisection has the ability
to generate adaptive triangulations for which the optimal convergence estimate (5.35) holds when the
number of triangle is large enough. The essential reasons for this are that the algorithm equidistributes
the local error and generates triangles which have an optimal aspect ratio.

So far, our analysis is limited to strictly convex functions, yet numerical results seem to indicate that
(5.35) holds for more general C? functions. As pointed our in §2.2, we cannot expect that this estimate
holds for all C? functions, since det(d? f) = 0 when f is a function of the type f(x,y) = g(az+by) with g a
univariate function, while the interpolation error is generally non-zero. In fact we conjecture the following;:

For all f € C?, one has limsupy_,, oo N||f — fnllzr < C|l\/|det(df)|||L- with L := % + 1.

Our results of §4 show that the algorithm produces triangles with an optimal aspect ratio when ap-
plied to a quadratic polynomial ¢ such that det(q) < 0. The main difficulties remaining to be solved in
order to prove the above conjecture are in the subsequent perturbation analysis, as well as in proving an
analog result to Proposition 5.9.

7 Appendix : proofs

7.1 Proof of Proposition 4.1

Let ¢ be a quadratic function of mixed type, and T a triangle with edges a,b, ¢ such that |g(a)] >
|a(b)| > |a(c)]. Up to a linear change of variables, we may assume that the quadratic part of ¢ is
q(x,y) = 22 —y?. Up to a translation, linear rescaling and permutation between the x and y coordinates,

25



we may assume that the edge a is centered at 0 and such that q(a) = 4. We write § = (u,v), and assume
that u > 0 without loss of generality. Then 1 = q(%) = u? — v?, and there must be § € R such that
(u,v) = (cosh(0), sinh(h)).
cosh(f)  —sinh(6)
—sinh(f)  cosh(f)
ant, in the sense that qo ¢ = q, and verifies ¢(§) = (1,0). Up to such a transformation, we may therefore
assume that a = (2,0). Therefore the two vertices of T' corresponding to a are (—1,0) and (1,0). We
denote the third vertex by (s,t). There is no loss of generality, finally, in assuming that s > 0 and ¢ > 0.
Note that |T| =t and pq(T) = 7.
We now specialise to the case where pq(T') > 4, which is equivalent to ¢ < 1. Recall that the edges of
T are such that |q(a)| > |q(b)| > |q(c)|. The following lines show that q(1 + s,t) > |q(s — 1,¢)|, which
implies that b = —(1 + s,t) and ¢ = (s — 1,t):

We next observe that the linear transformation ¢ of matrix ( ) leaves q invari-

q(l+s,t)—q(s—1,t) = 4s>0
a(l +s,t)+aq(s—1,t) = 2(1+s>—1t*)>0.

In addition we see that q(b) > 0 and we thus have proved that q(a)q(b) > 0. For the second and third
inequality in (4.28) we remark that q(c) = (s — 1)? — t? and q(d) = s? — t?. Clearly

—1 < —t* < min{q(c),q(d)}.

If 0 < s <1, we also clearly have
max{q(c),q(d)} < 1.
If s > 1 we have

q(c) <q(d) = =t = (s +1)* =t = (2s + 1) =q(b) - (25 +1) < q(a) =3 =1,

We thus always have

max{|q(c)], a(d)[} <

which concludes the proof of the inequalities (4.28).
Last, we specialize to the case where pq(T) = % > 8, equivalently ¢ < %, to prove (4.29):

(7.42)

3 3
q(b)+q(c)=(s+1)2—t2+(s—1)2—t2:2+2s2—2t22§:§q(a).

7.2 Proof of Proposition 5.9

For any triangle T" we denote by T, the interval defined as the projection of T" on the x axis, and by
|T%| its length. We denote by It and I, the two dimensional and one dimensional local interpolations
operators on T and T, respectively. It is clear that if ¢ is a C2? convex function of one variable and if
G(z,y) := g(z), then

|G = IrGll () = g = I, gl Lo (7). (7.43)

The following lemma compares the interpolation error on an interval of R and on a sub-interval.
Lemma 7.1 Let g € C*(R,R) be such that 0 < m < g” < M. Let x1, 12,3 be real numbers satisfying

T < ””1;”3 < x9 < x3, and denote u = 9 —x1 < v := x3 — x1. Then denoting by I, and I, the
interpolation operators on the intervals [x1,x2] and [x1, x3] respectively, we have

Hg - Ivg||L°°([zl,z3]) > m’U2/8

and
v—1u

Hg - IugHL“’([ml,mz]) < (1 -« )Hg - Ivg”L“’([zl,m])

v

with o == +y/m/M.
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Proof: Let us define h, = I,g — g. Since h!l = —¢" and h,(z1) = hy(z3) = 0, h, can be represented as
the integral

x3
() = [ Kuen)g" )y (7.44)
z1
where the Green kernel K, is given by

_1f @-w)(@s—y) ifr<y
KU(I,y)_Z{ (,Tg—;)(ys—,fl) 1f$2y

Of course, we have a similar representation of h, = I,,g — g with a kernel K.
The first part of the proposition immediately follows from

xr3
ho (2 ;IB) > m/ Ky(* erx?’,y)dy > mv?/8.
z1

In order to prove the second part, we shall compare the Green Kernels K,, and K,. For this purpose, we
define ( y
To —x)/u
plw) = 2=
(x3 —x)/v

For all 2,y € [x1,x2], we thus have

% = min{u(z), u(y)} < p(@).

Therefore, defining z,, := argmax;c(,, ,,;(lug — ¢)(t) and using (7.44), we obtain

Hg - IugHL“’([zhmz]) = hu(‘ru)
" Ku(wu,y)g" (y)dy

Ly Kol )" (y)dy

[, Ko(zu, y)g" (y)dy

”g - I'ugHLOO([;m,;ES])'

1
Loy

INIAIA

=xx
8

\_/\:_/\_/

In order to conclude, we need to estimate pu(x, ). One easily checks by differentiation that u is decreasing
and concave on the interval [z1, 23], and therefore for all x € [z1, x2]

pla) < 1= (@ = 21)—

Differentiating the integral representation of h,, we obtain

uhl, (ry) = — / ; (y —x1)g" (y)dy + / N (z2 —y)g" (y)dy.

Z1 L,

Since h/(x,) =0 and 0 < m < ¢g” < M, we obtain
(2 — x4)*m < (24 — 21)* M.
Since xo > ””1—;””3, this gives x, — 1 > y/m/M 3. Therefore,

v—u

1
w) <1 — - M
plaa) < 1= /m/ A=

S
The following corollary uses the above lemma to compare the values of the L>-based decision func-

tions for a convex function that depends only of one variable. For any vector v € R? we denote by v, the
absolute value of its « coordinate.
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Corollary 7.2 Let T be a triangle with edges a,b, ¢, such that a, > b, > ¢,. Let G(x,y) = g(x), where
g€ C? and 0 <m < g”" < M. Then, with dr defined by (3.14),

dr(b,G) —dr(a,G) > Cag(a; —by),
dr(c,G) —dr(a,G) > Ca2)2.

m3/2

32vVM’
Proof: We recall the notation ar(f) := ||f — ITf||r=. It follows from (7.43) that

with C' =

ar(G) = |lg — I, 9l L~ (1,)-

We label the extremities of a by i € {1,2}, and denote by T%%, i € {1,2}, s € {a,b,c} the child of T
resulting from the bisection through the edge s in such a way that 7%° contains the extremity of a of
label i. Then (up to exchanging the labels of the extremities of a),

|Ta}’a| = by |T§’a| = az/2,
|T£,b| = Qg |T§’b| = ¢z +b./2,
|T£’c| = by +cg/2 |Tm2’c| = ag.

In particular, we have T2:% C T2? and T2* C T}* and therefore
ar20(G) = |lg = Irzegll oo 2oy S g — Ip2egll poc 20y = 120 (G),

and similarly a71..(G) < az1.c(G). Moreover, we can apply the previous lemma with [z1, 2] = T1® C
TLY = [21, 23] or with [z1,32] = T2 C T>¢ = [x1, v3] which respectively leads to

m3/2
i, G—Oé ,aG> alma'm_bzv
71.0(G) Tl()_32m ( )
and 52
m
(8] NS G — ,a G > CL2 2
T2 ( ) T2 ( )— 32\/M x
This allows us to conclude since dr(s,G) = ar1 + arz, for s € {a, b, c}. o

Using the above result, we now prove that the decision function dr tends to prescribe longest edge
bisection with respect to the euclidean metric when the triangle T' becomes too thin.

Corollary 7.3 Let f be a convex function such that mId < d>f < M1d, and let T be a triangle with
measure of non-degeneracy o(T') for the euclidean metric and edges a, b, ¢, such that |a| > |b| > |c|. Then,

with K = 128(X)3/2_if o(T) > 2K, the bisection prescribed by the decision function dr(-, f) is a 5-near

longest edge bisection with respect to the euclidean metric (in the sense of definition 5.3), with § := %

Proof: We denote by p(X) the affine orthogonal projection of a point X € IR? onto the line which
includes the edge a, and we denote by O the midpoint of a. We then define

F(X) = f(p(X)) + dfo(X = p(X)).
Then, using the notation X (z) = p(X) + 2(X — p(X)), we have
FX)=f(X) = f(X)= f(p(X)) = dfo(X = p(X)),

/0 (dfx(2) — dfo)(X — p(X))dz.

But for X € T, we have X (z) € T for all z € [0,1], so that |X(z) — O] < |a| and therefore

ldfx (=) — dfoll < M|al.
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We also have 27|
X —p(X)| < =+ <

la]

la]
o(T)

~ 2 ~
Therefore, [|f — fl Lo (1) < M% We can apply the previous lemma to the function f, since it is the
sum of a function of one variable and of an affine function which has no effect on the interpolation error.

Assuming without loss of generality (up to a rotation) that a is parallel to the x axis, this gives us

dr (b, f) — drp(a, Jf)
dT (C, f) — dT (a, f)

Clal(la] = bz) = Cla|(|al — [b]),
Clal?/2.

AVARY]

with C' = 7;3/2 . Since the Lebesgue constant of the interpolation operator on any triangle is 2, we have

32v'M
|dr(x, f) = dr (@, /)] < 4|If = fllz=)
which implies the following inequalities

dr (b, f) —dr(a,f) = Clal(la| - [bo]) — 4M|a|* /o (T),
dr(c,f) —dr(a, f) = |a*(C/2 —4M/o(T)).

The second inequality shows that the edge ¢ cannot be cut if C/2 —4M/o(T) > 0 which is equivalent to
o(T) > 2K. The first inequality shows that b may be cut provided that C(|a| — |b]) — 4M|a|/c(T) <0,
ie. |b| > (1— dfj—]é/fT))|a| which shows the property of d-near longest edge bisection with § := % o

The proof of Proposition 5.9 directly follows from this last result. Let us denote by diam(7T') the
diameter of any triangle T'. If the size of the triangles generated by the greedy algorithm did not tend
to zero, then there would be a sequence (T;);>¢ of triangles such that T;;1 is one of the children of T,
and diam(7;) — d > 0 as ¢ — oo. Since |T;| — 0, this also implies that o(T;) — 400 as i — co. We can
therefore choose i large enough such that diam(7;)? < %d2 and 1+ CQ%,TJ_) < 3 for all j > i, where Cy
is the constant in Proposition 5.5. According to this proposition, we have

o(Tiss) < 3o(T2)

On the other hand, we obviously have for any triangle T',

diam(7T')? diam(7T')?
— L < o(T) < ——~—
s =0T = o

from which it follows that

|Ti+3 |U(Tz'+3

diam(T;43)* < 4 To (1) )diam(Ti)z < = diam(T3)?

=~ w

Therefore, diam(7}3)? < d? which is a contradiction. This concludes the proof of Proposition 5.9.
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