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TREE APPROXIMATION FOR hp-ADAPTIVITY*
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Abstract. The hp-adaptive approximation is formulated as an approximation problem on a
full binary tree T, where for each of the leaves A an order p(A) > 1 is assigned in such a way that
the sum of all orders p(A) does not exceed N, which is called the complexity of the approximation.
The leaves A correspond to the cells of the partition, while p(A) is the dimension of the polynomial
space used for the local approximation on A. Devising an incremental algorithm for near-best
adaptive approximation for the problem of finding the best possible tree T' and assignments p(A)
leads to building a construction that attaches a ghost tree with p(A) leaves to each leaf A of T with
p(A) > 1. The resulting full binary tree 7 has at most N leaves and can be used as a proxy of
T for assembling hp-adaptive procedures. Under the standard assumptions about the local errors,
we prove that the error of our approximation of complexity N is bounded by ]\?ﬁ;}l on, where oy,
n < N, is the error of the best possible approximation of complexity n.
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1. Introduction. There are two basic approaches to adaptivity when approx-
imating a function on a domain . The first considers the current partition of €
and chooses some of its elements A for refinement. The polynomial space used for
local approximation does not change, and the improvement of the approximation is
based on decreasing the size h of the elements A. Thus, this is usually called an
h-refinement. The second approach considers the same partition of €2, but the di-
mensionality p(A) of the local approximation space is increased on some elements A,
and thus, it is called a p-refinement. The combination of both approaches results in
approximation strategies often referred to as hp-adaptive. The goal of this paper is to
investigate the hp-adaptivity in very general settings and to introduce a framework
for which one can find a near-optimal algorithm with a reasonable complexity. The
results of this paper have already been used and cited (see, e.g., [5, 6, 7, 8]).

In general, the adaptive refinement can be linked to building a tree structure. The
initial partition consists of just one element, the domain €2 itself, that we relate to the
root R of the tree. Going forward, subdividing an element of the current partition
corresponds to taking a terminal node, called a leaf of the current tree, and attaching
to it new leaves that are related to the newly created smaller elements. While the
subdivided element A is no longer an element of the partition, the corresponding node
remains as an internal node of the tree, but it is no longer a leaf. To simplify the
presentation, from now on we will consider the case of binary subdivision, namely,
that A is subdivided into two smaller elements A’ and A", such that A = A’ U A
and A’ N A" is an empty set or a set of measure zero. We call A’ and A" children of
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A, which will be referred to as their parent. The resulting graph will be a full binary
tree with a root R, and the elements of the current partition will be identified with
the current leaves of the tree. With a slight abuse of the notation, we will refer to A
as both an element of the partition and a node of the binary tree.

For a given tree T' we denote the set of its leaves by £(T). The internal nodes of
T also form a binary tree T\L(T), but it might not be a full tree, i.e., there might
be a parent node with just one child. We define the complexity N of a full tree to
be #L(T'), the number of its leaves. This conveniently corresponds to the number of
elements in the partition of € constituted by T

The local errors at an element A of the partition are denoted by e,(A), where
p = p(A) is the dimension of the polynomial space used in the approximation at A.
It is important to emphasize that we want to work with additive quantities describing
the local errors. For a given partition defined by T and the assignments

P(T) = (p(2))

AEL(T)

we define the total error £(T,P(T)) by

(1.1) E(T,PT) = > eya)d).
A€L(T)

In particular, this means that when working with the Lo-norm, we define the error
to be the square of the Lo-norm of the difference between the function and the ap-
proximating polynomial. This presentation uses very general settings about the error
ep(A), p > 1, requiring only the following two properties:

(i) subadditivity of the error for the lowest order approximation:

(1.2) e1(A) > er(A') +er (A7),

where A’ and A" are the children of A;
(ii) reduction of the error when the dimension p = k of the polynomial space
increases:

(1.3) er(A) = ept1(A).

In some cases (e.g., spline approximation defined via quasi-interpolants) it is conve-
nient and often necessary to consider a less demanding variant of (1.2) known as weak
subadditivity:

(1.4) er(A)>c Y e(A),

A'e(TaNT)

where ¢ > 0 is a fixed constant independent of the choice of A or the full binary tree
T. In this formula and everywhere else in the paper 7a stands for the infinite full
binary tree rooted at A. It is easy to see that (1.4) holds with ¢ = 1 in case (1.2) is
true. While the proofs presented below can be modified to use (1.4) instead of (1.2),
this will result in additional complications and less favorable constants. To keep the
presentation simple, we choose to use the property (1.2) and refer the reader to [4]
for considerations in full generality in the case of h-adaptivity.

The definition of the best approximation depends on the notion of complexity.
Here we set the complexity of the hp-adaptive approximation by the pair (T, P(T))
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to be the sum of orders p(A) at all the elements of the partition

#P(T):= Y p(d).

AeL(T)

Given N > 0, the error of the best hp-adaptive approximation of complexity N is
then defined by

1.5 = inf inf E(T,P(T)).
(1.5) oni=igf  inf . (T, P(T))
The aim of this paper is to define an incremental algorithm, similar to the one in
[4], that for given error assignments satisfying (1.2) and (1.3) produces for each N
a pair (T, P(Tn)) of a tree Ty and the corresponding dimensions P(Ty) of local
polynomial spaces with #P(Tx) = N such that it provides a near-best hp-adaptive

approximation, namely
5(TN, P(TN)) < CIUCZN

with some fixed constants C; > 1 and ¢ € (0,1].

First, we have to define a framework that allows us to increase the complexity
of the pair (T, P(Tn)) by preserving the local distribution of the degrees of free-
dom and, at the same time, allowing the flexibility to make substantial changes in
(Tn41,P(Tn+1)). The idea is to create a tree T with #L(7) = N leaves, for which
T is a subtree. To receive T from Ty, at each leaf A € L(Ty) we add a “ghost” tree
T A rooted at A that has exactly p(A) leaves (T is just A in the case p(A) = 1).
After attaching all such trees to the leaves of Ty we compose the tree 7. Of course,
the tree T is not uniquely defined since there are different ways of choosing the ghost
trees T a, in general. However, a specific choice of T A can carry information on what
the approximation would look like if we decide to use polynomial spaces of lower
dimensions at some locations while keeping the same complexity.

Given T, for each of the nodes A € T we define its order by

(1.6) P(A) = P(A,T) == #(LT)NTa).

By the definition of 7 it follows that P(A) = p(A) for A € L(Ty), but we also can
associate 7 with any other full subtree T C T and obtain the pair (T, P(T)) from
(1.6). Now, the hp-approximation can be identified with the pair (7,7 instead of
the pair (T, P(T)), and we set E(T,T) = E(T, P(T)) as defined in (1.1). Tt is easy to
see that the error of the best approximation from (1.5) can be expressed as

(1.7) oN inf inf E(T,T).

- THL(T)SN TCT

This leads to a different approach to finding a near-best approximant, namely, to find a
tree Ty with #L(7Tn) = N first, and then to examine all possible subtrees T" of T and
choose the one for which the error £(7x,T') is minimal. This also gives the possibility
to define the trees Ty incrementally and thereby minimize the computational cost.

Remark 1.1. Note that the inf in the definitions (1.5) and (1.7) is acting on a
finite set of possibilities and therefore can be replaced by min.

The strategy of building the tree 7 is to identify at each step the leaf with the
highest potential to decrease the total error. A straightforward greedy approach,
namely, to choose the leaf with the highest local error, is not going to work since a
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very localized singularity would attract several consecutive refinements without an
(essential) improvement of the total error. In the case of h-adaptive refinements, one
can modify the local errors to account for the depth of the tree in such a way that
the choice for refinement of the leaf with the largest modified local error would result
in a near-best approximation (see [4, 3]). We present the variant of this strategy
from [1] and prove some results about it in section 2. It is important to note that
the h-adaptive algorithm is driven by a quantity (the modified error) defined at the
nodes but completely independent of the current tree. While this will pave the road to
designing a strategy for the hp-adaptivity, it seems that a much more involved setup
is needed (see [2]). We describe our approach in section 3 and prove the following
result.

THEOREM 1.2. Let the local errors e, satisfy the conditions (1.2) and (1.3). Then
there exists a constructive incremental algorithm for finding a tree Ty starting from
Ti = {R} and for each j > 1 receiving T;+1 from T; by adding two child nodes to a
leaf of T;. In addition, for each tree Tn there ewists a subtree T such that the hp-
adaptive approximation of complexity N provided by the pair (Tn,Tn) is near-best,

namely,
2N -1
. < — oy
(1.8) E(TN’TN)_N—n—FlU

for any integer n < N. The complezity of the algorithm for obtaining (Tn,Tn) is
bounded by O( Y pcr, P(A,Tn)), where P(A, Ty) is defined by (1.6).

Remark 1.3. The sum Y\ P(A,Ty) estimating the complexity of the algo-
rithm varies from O(N log N) for well-balanced trees Ty to O(N?) for highly unbal-
anced ones. The complexity of a single calculation of e,, for each consecutive p, is
considered to be a constant independent of p. This could happen, e.g., in the case
when e, is the square of the La-error and the local polynomial spaces are defined via
given orthogonal bases.

2. Near-best results for an h-refinement strategy. The setup in the case
of h-adaptive approximation is much simpler. In particular, the local approximations
use the same polynomial space, so we denote the local errors by e(A). Since this
is the basic approximation, although the orders could be higher, we relate e(A) to
e1(A) in the hp-setup and therefore assume that it satisfies the subadditivity property
corresponding to (1.2):

(2.1) e(A) > e(A') +e(A"),

where A’ and A" are the children of A. The global h-error for the tree 7 is then
defined by
ENT) = ) ed),

AeL(T)

and the best N-term h-adaptive approximation error is

2.2 N= i ENT).
22 =y et D)

To build the algorithm for near-best h-adaptive tree approximation, we define the
modified errors €(A) as follows:

(2.3) é(R):=e(R) for the root R and é(A) =
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where A* is the parent of A. In case both e(A) and &(A*) are zeros, we define
€(A) = 0 as well. It is sometimes beneficial to use the following equivalent formula
for e(A):
1 1 1

(24) ZA) T oAy T EAn

The modified error depends only on the set of ancestors and can be used to devise
a greedy algorithm for finding a tree 7y that provides a near-best approximation:

o define T1 := {R} and receive the tree Tny1 from Ty by subdividing a leaf
A € L(Ty) with the largest €(A) among all leaves from L(Ty).

The following theorem improves the constants from a similar result in [4] based on a
different approximation algorithm. Its proof illustrates some of the ideas used in the
hp-adaptive case and establishes some properties of the modified error functionals.

THEOREM 2.1. Let the local errors e(A) satisfy the condition (2.1) and let the tree
Tn be received by applying a greedy refinement strategy with respect to the quantities
é(A) defined by (2.3). Then the tree Ty provides a near-best h-adaptive approzimation
error

N

2.5 er < —— ot
(25) (T) < g o
for any integer n < N. The complexity of the algorithm for obtaining Ty is O(N),
omitting the sorting of é(A) that requires O(N log N) operations.

Remark 2.2. The sorting can be avoided by binning the values of €(A) into binary
bins and choosing for subdivision any of the A that provides a value for the nonempty
bin accumulating the largest values available. This will only increase the constant in
(2.5) by 2. In this case the total complexity of the algorithm is O(N).

To prepare for the proof we should make some remarks and prove two lemmas.
First, let us mention that the following quantities are nonincreasing with respect to N:
2.6 ty == e(A).
(2.6) Ni=  max €(A)
Indeed, from (2.4) it follows that the value é(A) for a node A is smaller than the value
é(A*) for its parent A* and thus maxacr(7y) €(A) > maxaer(Ty,,) €(A) since in the
set £(Tn+1) two child nodes replace their parent which is in £(7y). Next, we consider
a general binary tree T' (not necessarily full) and a threshold ¢ such that for all of its
leaves A € L(T) we have é(A) < t and for all of its internal nodes A € (T\L(T)), we
have é(A) > t. The following two results hold.

LEMMA 2.3. Lett > 0, and let T be a general binary tree rooted at R such that
é(A) <t for all leaves A € L(T). Then

S e(d) < (#T)t.
A€L(T)

Proof. Given a leaf A we set A = A©) and denote by AU+D the parent of AW,
j=0,1,...,£—1, where £ is such that A®) = R. Then by (2.4) and &(R) = e(R) we
obtain

1 1 1 1 1 1
ZA) T (A0 T EAD) T (A0 T (Al T E@A®)
(2.7 - ¢ 1
= e(A(]))
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Multiplying both parts of the equation by e(A®)&(A©®) we obtain

¢ e A(O

l
(A 1
+;e

Now denoting by A(A) = {AM A®) . A®} the set of ancestors of A = A in
the tree and using that é(A) < t, we have

(A(O A(O

JZO

eA)<t1+ > e(ﬁ,)

e(
Are A(A)

~—

and therefore

e(A)
Sooey<t > 1+ > (A

AeL(T) AeL(T) A’€EA(A)
(2.8) > el

AE(TANL(T))
=t|#L@D)+ Y Ae(A,) :
Are(T\L(T))

where in the derivation of the last expression we change the order of summation and
take into account that the set of all leaves of T' to which A’ is an ancestor is exactly
TarNL(T). Now we use that (1.2) yields (1.4) with ¢ = 1 to conclude that each of the
fractions in the sum over A’ does not exceed 1. Thus, the sum is at most #(T\L(T)),
which proves the lemma since £(T) C T.

LEMMA 2.4. Lett > 0, let V be a node in a tree T, and let T be a general binary
subtree of T rooted at V such that é(A) >t for all nodes A € T. Then

(2.9) e(V) > (#T)t.
Proof. For any node A of T" we have
e(A) > é(A) >t.

This gives the estimate in the case #7 = 1 and A = V. If; in addition, A has a
parent node A* € T, then from (2.4) we get

=t (G5 + ) =1 (1 4a5)

We are going to prove by induction on k = k' that if #(7a- NT) = k' for a node
A’ € T, then

(2.10) e(A) > tk'

and in case A’ has a parent A € T,

(2.11) e(A) >t (k’ + ?é?) :
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The above inequalities have already been established for k = 1. Assume that (2.10)
and (2.11) have been established for all ¥’ < k, and let A € T be such that the tree Ta
rooted at A has k > 1 nodes in T'. Since k > 1, A has one or two children, A’ € T and
A" € T, such that the trees Tas and Ta have k' and k" nodes in T, correspondingly.
Then, k =k + k" + 1. In case A € T has just one child A’ € T, we set k” = 0 and
e(A”) = 0 in the considerations below. By the induction hypothesis, (2.11) holds for
both A’ and A”. Adding the corresponding inequalities together gives

e(A) +e(AT) 2 t (k’ Ty W) |

Multiplying both sides by ﬁ > 1, we obtain

e(A)
ée(A)
to establish (2.10) for A and k. If A has a parent A*, then we use (2.4) to get

ez (wn s SO B ()

e(A)zt<k’+k”+ > >tk + k" +1) =tk

to establish (2.11) for A and k. The induction argument completes the proof. |

Proof of Theorem 2.1. Let 7" be a tree of best approximation for n, and thus
EVN(Tr) = ol. We want to compare the trees Ty and 7,%. If (T;\L(T,¥)) C (T \L(Tw)),
then 7,* C Ty and therefore £%(Ty) < EP(T). So, we can assume that there
is at least one internal node of 7,F that is not an internal node of Ty. We use
Lemma 2.4 to estimate EP(7,*) = ol from below in terms of ty from (2.6). To
this end we consider the set F' := (Tx\L(Tn))\(T,\L(T,F)). The total number of
nodes of F'is #F > (N — 1) — (n —2) = N — n + 1 since at least one node from
TNL(TY) is not in Ty \L(7Twn). The set F can be considered as the union of the trees
Ty = Tv N (TN\L(Tn)) for V € L(T,F). The tree Ty is empty if V is not an internal
node of 7Ty ; otherwise it consists of V itself and all the internal nodes of Ty that are
its descendants. The application of (2.9) gives

o =T = Y eV)
VEL(T:)

> Y (#To)tn = (#F)ty > (N —n+ 1)ty
VeL(Tr)

(2.12)

To estimate £%(Ty) from above we divide the set of its leaves into two parts: the
leaves that are nodes in (7;\L(T)), and the rest of them, whose combined errors
can be estimated by £P(7,%) = o', namely

(2.13) ENTv)= D e(d)<oh+ > e(A).
AeL(Tw) AE[L(TN)IN(TINE(T))]
We apply Lemma 2.3 for the minimal tree T with leaves £(Tx) N (T \L(TY)) to
obtain
* * n—1 h
(214) Y ) SHTNUT) xS e o
AE[L(TN)N(TINL(T))]

where we have used the fact that 7' C (7,7\L(7,f)) and (2.12). Finally, the combina-
tion of (2.13) and (2.14) completes the proof of (2.5). d
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3. Adaptive strategy for hp-refinements. Before formulating our variant of
hp-refinement strategy, we describe a recursive algorithm to find the subtree Ty for
a given Ty. We define the local hp-errors F(A) = E(A, Ty) starting with

E(A) :=e1(A) for AeL(Tn).
If E(A’) and E(A") are already defined for the children A" and A" of A, we set
(3.1) E(A) :=min {E(A") + E(A"),epa)(A)}

where the order P(A) = P(A, Ty) is given by (1.6). To receive the tree Ty we start
with Ty and trim it at A every time E(A) = epa)(4A) in (3.1). In this way T
becomes the minimal tree for which E(A) = ep(a)(A) at all its leaves.

An important observation about the quantities F(A) = E(A,7y) is that they
depend on Ty only through the changes in the subtree rooted at A. Therefore,
E(A, Ty) will change with the increasing of N only if the quantity P(A, Ty ) changes.
It is then convenient to consider the notation E;(A) independently of Ty by setting
E;(A) := E(A,T.), where T, is any of the trees in the sequence 71,72, 73, ... such
that P(A,T.) = j.

Remark 3.1. The independence of the quantities E;(A) from the tree Ty is un-
derstood in the sense that the sequence 71,75, 73, ... is predetermined by the local
errors e,(A) and a given hp-refinement strategy. If a different refinement strategy
is applied, then it may result in different values of the E;(A). This is one of the
issues that make the analysis of the hp-adaptive algorithm more complicated than
the analysis from section 2.

As in the h-refinement case, we define via (2.3) the quantities é(A) based on
the local errors e(A) = e1(A). These quantities are independent of 7x and give
information about the local error at the node A only when A is a leaf of Ty. To
extend our ability to monitor the local error behavior in the process of finding a good
hp-adaptive approximation, we define modified local hp-errors E‘j(A) as follows:

= = Ej(A)E;-1(A)

(3.2) Ei(A) :=é(A) and E;(A) = EXINES N for 7>1.

In case both E;(A) and E;_1(A) are zeros, we define Ej(A) := 0 as well. For a fixed
tree Ty we set j = P(A, Ty) and consider E(A) := E(A,TN) := Epa, ) (A).
The definition (3.2) of E;(A) and (2.7) used with the set of ancestors A(A) give

U S S i Lo,
(33) 25(8)  Ei(A) Eja(d) BB Ei(4)
' S 1
“LE@ 2, &

Next, we introduce two functions ¢ : Ty — [0,00) and s : Ty — L(Tn) that are
critical for defining the hp-adaptive algorithm. The quantity ¢(V) is related to the
maximal modified hp-error of the subtree rooted at V, while s(V) points to the leaf
with the largest contribution for this error. For the leaves A € L£(7Tx) we define

(3.4) q(A) :=é(A) = E1(A) and s(A) = A.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 04/25/19 to 129.252.139.237. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

3354 PETER BINEV

Recursively, for a node A € Ty\L(7Tx) with children A’ and A", for which ¢ and s
have been determined, we define

q(A) := min { max{q(A"), ¢(A")}, Ep(a) (A)} and
s(A) == s(argmax{q(A’),q(A")}).

The principal algorithm for incrementally growing the tree 7y is the following:
e set N=1and 7; :={R};
e while N < Nyax: given the tree Ty subdivide the leaf s(R) to form Ty
and set N : =N +1.
Before analyzing the near-best performance of the sequence (Ty,Tn), we first give
a detailed description of the algorithm to list all the necessary computations and
comparisons in growing the tree in order to estimate its complexity.
hp-algorithm: ~
(i) set T3 :={R}, &(R) :=e(R), E1(R) :==¢e(R), E1(R) :==€é(R), q¢(R) := &(R),
s(R):=R, P(R) :=1;
(ii)) for N=1to Npax — 1

(3.5)

(iii) expand the current tree Ty to Ty by subdividing Ay := s(R) and
adding two child nodes A’y and A% to it;
(iv) for V= A/, and ~V = A’ calculate the quantities: &(V) := %,
El(v) = e(V), El(v) = é(V), Q(V) = é(V), S(V) =V, P(V) =1
(v) set A = Ap;
(vi) while A # ()
(vii) set P(A) := P(A) + 1 and calculate ep(a)(A);
(viii) set A’ and A” to be the children of A;
(ix) set Ep(a)(A) := min{Epa (A7) + Epary(A”), epa)(A)};
[ _ Epa(A)Epiay-1(AD) |
(X) set EP(A)<A> T Epa)(D)+Epay-1(A)’
(xi) set D := argmax{q(A’),q(A")} and update
q(A) :=min {q(D), Epa)(A)}, s(A) := s(D);
(xii) replace A with its parent (or 0 if A = R);
(xiii) end while

(xiv)  end for

LEMMA 3.2. To obtain (Tn,Tn) the hp-algorithm performs 3 . cr P(A,TN)
steps.

Proof. The algorithm has two loops: an outer loop including all instructions in
(ii)—(xiv), and an inner loop (vi)—(xiii). The outer loop runs for each consecutive
increment of N from 1 to Nyax — 1, and the inner loop performs the calculations at
the nodes of the tree starting from the newly subdivided node A and then proceeding
with all elements of its ancestry line A(A) of A. The quantities P(A) are initialized
as 1 at (i) or (iv) and then increased in the inner loop by 1 assigning P(A, Ty41) =
P(A,Tn) + 1 for all nodes A for which the quantities E, E, ¢, and s are updated.
Therefore P(A, Tn) keeps the count of the calculations performed at A. d

THEOREM 3.3. The pair (Ty,Tn) produced by the hp-algorithm provides near-
best approzimation and satisfies (1.8) for any positive integer n < N.

Proof. Let the pair (T, P*) be the one providing the optimal error of complexity
n in (1.5) and such that o, = E(T,P*). We define the threshold parameter gy :=
q(R) for the tree Tn. From the fact that the quantities involved in the definition of
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q(A) decrease in the process of growing the trees Tk, it follows that the quantities gy
are decreasing with k.

To estimate o, from below we consider the leaves V € L(T}) and their orders
P*(V). In case P(V,Tn) < P*(V) we ignore the contribution of ep«(v)(V) to the
E(Tr,PY). If P(V,Tn) > P*(V), we consider the quantity gr > gy at the stage
Ti of growing the tree Ty at the last update of P(V). From the definitions of ¢
and s it follows that at this stage ¢(V) > ¢ and therefore E;(V) > ¢(V) > gy for
j="P(V,Tn) — 1. From the intermediate relation in (3.3) we have

1 ! 1 1
— = + —= .
E;(V) i_P;V)Jrl Ei(V) Epe(v)(V)

Multiplying by Ej(V)E’p*(V) (V) and taking into account that the quantities E;(V)
are nonincreasing with ¢ and that E;(V) < E;(V), we obtain

Ep.(v)(V) = E;(V) ZJ: Ep0)(V) | Epw)(V)

i=P*(V)+1 Ei(V) EP*(V)(V)
>qn(j—P (V) +1)
and therefore
(3.6) epr(v)(V) = Ep«(vy(V) = qn (P(V,Tn) = P*(V)) .,

where we have used the standard notation (z); := max{z,0}. Before applying this
inequality for the estimate of o,, we exclude the case that P(V,Ty) > P*(V) for
all V. € L(T}) since then Ep(v 7,)(V) < Ep(v)(V) < epe(v)(V) and therefore
E(Tn,Tn) < E(TF,P*) = o, which gives (1.8). This ensures the sign > in (3.7)
below. For notational purposes only, we set P*(V) := 1 for all V € (T)\L(T})) to
derive

Y PV TN) =PV = >, (P(V,Tw) = P(V))s

(3.7) VeL(T}) VEL(T;NTN)
> Y (PVTW)-PH(V)=N- > PYV)=N-n,
VeL(TNTN) VeL(TNTn)

where we have used that (P(V,7n) — P*(V))+ = 0 in case V is in the symmetric
difference of the sets L£(T¥) and L(T; N Tn), as well as

Yoo PV Y. P(V)=n.

VeL(TyNTN) VeL(Ty)

Now the combination of (3.6) and (3.7) gives

VeL(Ty) VeL(Tr)

To obtain an estimate of £(7Ty,Tn) from above, we consider the function g(A)
for the tree Ty and denote by L the set of nodes A for which ¢(A) = Ep(a) in (3.5)
and (3.4). Let Q be the maximal subtree of Ty for which LN Q = £(Q). The tree
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Q has to be a full tree since q(A) = E1(A) for all leaves A € £(Ty) € L. Then
q(A) = Ep(a) for all leaves A € £(Q). From the procedure of defining ¢ it follows
that for all these leaves q(A) < ¢(R) = qn. To estimate Epa) for A € L(Q) we

multiply both sides of (3.3) by EP(A)EP(A) to obtain for j = P(A, Tyn)

39) B&) =B (33 (i oy BB iy O A
k=

area) © areaa) ©

using that Fy(A) are monotone decreasing and E7(A) = e(A). Utilizing that Ty is
the optimal subtree in terms of total hp-error, the inequality (3.9) gives

(TN,TN)<€ TNv Z EP(ATN) )
AEL(Q)
A
AEL(Q) AeL(Q) Area(a) ©

Applying the same estimate as in (2.8) in the proof of Lemma 2.3 to the double sum
gives

(3.10) E(Tn,Tn) < gn(N — #L(Q) +#Q) < gn(2N - 1),

using that #9Q — #£(Q) < N — 1 since the internal nodes of @) are internal nodes of
Tn. This concludes the proof of (1.8). O

Proof of Theorem 1.2. The proof follows directly from Theorem 3.3 and Lemma
3.2. O

Remark 3.4. The estimate (3.10) is a bit rough since it was derived treating in the
same way all possible subtrees Q including the worst-case scenario Q@ = Ty. However,
in this particular case one could derive a much better estimate using the fact that
the p-option was never taken in the calculation of the quantities ¢ and applying an
argument similar to the one for (2.13). Further exploration of such ideas and thorough
analysis of the relative placement of the trees Q and T will result in a slightly better
constant in (1.8) but would significantly complicate the proof. Since the advances are
marginal, we have chosen clarity.
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