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Two-dimensional adaptive Fourier
decomposition

Tao Qian

Communicated by W. Sprossig

One-dimensional adaptive Fourier decomposition, abbreviated as 1-D AFD, or AFD, is an adaptive representation of a
physically realizable signal into a linear combination of parameterized Szegd and higher-order Szeg6 kernels of the con-
text. In the present paper, we study multi-dimensional AFDs based on multivariate complex Hardy spaces theory. We
proceed with two approaches of which one uses Product-TM Systems; and the other uses Product-Szeg6 Dictionaries. With
the Product-TM Systems approach, we prove that at each selection of a pair of parameters, the maximal energy may be
attained, and, accordingly, we prove the convergence. With the Product-Szeg6 dictionary approach, we show that pure
greedy algorithm is applicable. We next introduce a new type of greedy algorithm, called Pre-orthogonal Greedy Algo-
rithm (P-OGA). We prove its convergence and convergence rate estimation, allowing a weak-type version of P-OGA as
well. The convergence rate estimation of the proposed P-OGA evidences its advantage over orthogonal greedy algorithm
(OGA). In the last part, we analyze P-OGA in depth and introduce the concept P-OGA-Induced Complete Dictionary, abbre-
viated as Complete Dictionary . We show that with the Complete Dictionary P-OGA is applicable to the Hardy H? space on
2-torus. Copyright © 2016 John Wiley & Sons, Ltd.

Keywords: Complex hardy space; rational orthogonal system; Takenaka—Malmquist system; greedy algorithm; several complex
variables; multiple Fourier series; systems identification; signal analysis; instantaneous frequency; Product-TM System;
Product-Szegd Dictionary; Induced Complete Dictionary

1. Preparation

We will give a brief introduction to the related background knowledge as well as the existing one-dimensional adaptive Fourier decom-
position (1-D AFD) theory. Denote by D the unit disc and C the complex plane. The present paper concentrates in the unit disc context.
There is a parallel theory for the upper-half plane context [1,2]. The space L2(dD) can be expressed as the direct sum of the two relevant
boundary Hardy spaces, viz.,
L?(9D) = H4 (3D) @) H.(9D),

where Hﬁr (0D) and H2 (9D) consist of, respectively, the non-tangential boundary limits of the complex Hardy H?-functions inside and
outside the unit disc. The mentioned complex Hardy spaces of holomorphic functions inside and outside the unit disc are, respectively,
denoted by HZjE (D). The non-tangential boundary limit mappings from H2i (D) to their boundary limit spaces Hi (0D) are isometric
isomorphisms. The closed subspaces Hi(BD) of L2(dD)) are, in fact, the collections of the functions of the forms (f £iHf) /2 +co/2, co €
C, respectively, where H is the Hilbert transformation of the context. Signals of the aforementioned forms are called analytic signals [3].

The Hilbert transformation operator for a simply-connected region 2 is related to the Plemelj formula of the context [4]. Let f be a
‘good’ holomorphic function in 2 such that it has non-tangential boundary limits almost everywhere on the boundary 9$2. By denoting
the boundary limit function as f = u + iv, where u and v are real-valued, we call v the Hilbert transform of u. Note that both u and v
are defined on 9<2. It is a fundamental result that functions in the complex Hardy spaces have non-tangential boundary limits almost
everywhere on the boundary. The Hilbert transforms of the square integrable functions on the unit disc are given by the following [5] :

7 €—>0

1 . t—s ;
Hu(t) = — lim / cot (—) u(e®)ds
2 |t—s|>€ 2
The Hilbert transformation has a Fourier multiplier representation:
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Huh) = ) (—isgn(m)c,e™, u®)= > ce™ Y el < oo,

n=—00 n=—00 n=—0o0

where sgn(§) is the signum function, being of the value +1 or —1, respectively, for ¢ > 0 or £ < 0; and sgn(0) = 0.
From now on, we assume that functions to be studied in L?(3D) are real valued. Under such assumption, while both f and Hf are real
valued. Denote f* = % (f + iHf) £ co/2. Because of the relation c_, = ¢,, we have

f=ft4+f, f=2Reft —q. (1.1)

We note that for any f € [2(dD), not necessarily real valued, the Plemelj formula inside the disc is

Co
]

a.e,
2

N S A (S MO SR
o o g = €+ +

and,inthe L



T.QIAN

2 —
Bi(2) = V —lad ]‘[Z I k=12 ..,

— ayz — a,z

where aj, ..., a, ... are any complex numbers in the open unit disc. The multiple product part of each By is a Blaschke product with
k — 1 zeros, being the product of the explicitly given (k — 1) Mdbius transforms, while the rest part is a normalized Szeg6 kernel,
being an element of the dictionary D, where we treat the complex number a as a parameter. Such systems have been well studied.
In particular, when all the ay's are identical with zero, {B,} reduces to a half of the Fourier system, viz., {zk_l},?il, a basis of the Hardy
spaces. It is known that for general parameters ay's, a system {By} is a basis of the Hardy space H? on the disc, 1 < p < oo, ifand only if
the hyperbolic non-separability condition is satisfied, viz., [11]

D (L —la) =00 (1.4)
k=1

For p = 2, the TM system is an orthonormal basis of H?(D) if and only if the condition (1.4) is met. _

It is noted that writing in the form By (e') = py(t)e/ ¥+ Fo—1(D) where e,, (e") = pr(H)eV*®, py(t) > 0,e¢—1® = 1 f:;/‘;{t
we have ¢;_,(t) > 0and 1 + v, (t) > Oforallt € [0,27],k = 1,2,...,¢; = 0. In particular, if a; = 0, then v/ (t) + ¢;_,(t) = 0 for
alltand k = 1,2,...[1]. Arepresentation into a linear combination of such By's is a positive instantaneous frequency decomposition,
or alternatively, a mono-component (Hardy space functions of positive analytic phase derivative almost everywhere) decomposition
[1,6,7,13-15]. In fact, it was the seeking for such decompositions that motivated 1-D AFD.

To make easy understanding to 2-D AFD delivered in Section 2 and also for the self-containing purpose, we now give an exposition
for the existing 1-D AFD [1,2]. Let f belong to the Hardy space H?(D). Set f; = f. For any a; € D, we have the identity

(@) = (hrn)en () + @) ;== (L5)
with
fz(Z) _ f]_(Z) (flxaelzn)eal (Z)
1—a1z

Because of the reproducing kernel property of e, in H?(D), we have

(f.eq;) = V1 —|a1|?f(a1), andhence, fi(a1)— (fi,eq )eq (ar) =0.

The last assertion implies that f, € H?(D) that enables the recursive process in the sequel. We call the transformation from f; to f,
the generalized backward shift via a;; and f,, the reduced remainder, being the generalized backward shift transform of f, via a;. Such
terminology was motivated by the classical backward shift operator

_f@ -1
==

(0@ =) '

k=0

where we assume f(z) = Y po, ckz¥. Noticing that f(0) = (f,eq)eo(2), S is identical with the just defined generalized backward shift
operator via 0.

Because of the orthogonality between the two terms on the right-hand side of (1.5) and the unimodular property of Mdbius
transforms on the boundary, we have

(O

IFI? = 1[{f1, €q; eay |I* + e —==3 al(-)

=12 = [(f ea) P + 1l

We are to select a; € D that gives the term (f}, e,, e,, (z) the maximal energy out of ||f]|?. Because of the reproducing kernel property
of e,, we have

|{f1 €a,)|* = (1~ |asl?)[fu(ap)|, (16)

and, hence, we are reduced to find a; € D such that
ay = argmax{(1 — |a|?)|fi(a)> : a € D}.

The existence of such maximal selection is evident ([1], it can also be referred to the proofs of Theorems 2.3 and 3.1 in the succeeding
text) and called Maximal Selection Principle. Having selected such ay, we repeat the same procedure to f,, and so on. After consecutive
n steps, we obtain
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n n z—ax
f(z) = Z(fk: eak)Bk(Z) + fn+1 1—[ 1_ Ekz’
k=1 k=1
wherefork =1,...,n,
ax = argmax{(1 — |a|?)|f(a)|> : a € D}, 1.7)
and,fork=2,...,.n+1,
fi—1(2) — (fe—
fk(Z) _ k 1(2) ( 5_]&Lffk71)eak71 (Z) ]
1—ak—1z
Because of the orthogonality, we have
n n
If =D {fe €a)Be@ 2 = IFI? = 3 I{fiea) * = lfesa ]
k=1 k=1
It can be shown that
lim sl =0
[1], and thus
o0
f2) =) (fv €a)Bk(2). (18)
k=1
The decomposition of f given by (1.8) is called adaptive Fourier decomposition (AFD) of f.
The following relations are noted:
(fe, €ac) = (gi, Bk) = (f,Bx), (19)
where g is the orthogonal standard remainder defined through
k—1
f =" (f.B)Bi(2) + gu(2). (1.10)
i=1
We also cite the useful relations
k—1
Z—d
9(2) = f(2) ,Dl 1=gp Where fi=Sai - Suf@). (111)
To deal with the convergence rate issue, we define a particular subclass of functions [2]:
o0 o0
H(D,M) == {f e (D) :f = > crerex €D, Y || <M}, 0 <M < oo, (1.12)

k=1 k=1

We have the following [2] :

Theorem 1.1
Let D be the dictionary of the normalized Szegd kernels of H2(D). Then for each f € H?(D, M), decomposed by AFD, we have

M
< —,
Il gk II< Jk

We note that functions in the class H?(D, M) may not be smooth on the unit circle. The aforementioned estimation in the energy
sense reflects the tolerance of AFD with non-smoothness.

Remark 1

There are variations of 1-D AFD (also called Core AFD in later references as it is the construction block of the other AFDs based on
maximal selections) of which we mention unwinding AFD [16], cyclic AFD [17], and higher-order-Szegd-kernel AFD [18]. Each of the
mentioned AFD variations has its own merits. In particular, unwinding and higher-order-Szegd-kernel AFDs are designed for decom-
pose signals of high frequencies. Cyclic AFD offers a conditional solution for the open problem of finding a rational Hardy space
function, whose degree does not exceed a pre-described integer n that best approximates a given Hardy space function [17].

Remark 2

One-dimensional adaptive Fourier decomposition and its variations have found significant applications to system identification and
signal analysis [19-22].
|
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Remark 3

Any complete TM system with a; = 0 gives rise to signhal decompositions of positive frequencies. To sufficiently characterize a signal,
itis desirable to find the most suitable TM systems for the given signal. The suitability may be measured by the corresponding conver-
gence speed. It was the effort of gaining fast convergence that made AFD to share the same idea as greedy algorithm.

Remark 4

One-dimensional adaptive Fourier decomposition, as a matter of fact, is not the same as any existing greedy algorithm. In the last
section of this article, we will introduce a new greedy algorithm called Pre-orthogonal Greedy Algorithm (P-OGA) and will show that P-
OGA is identical with AFD in the unit disc context. Among the existing greedy algorithms, including the weak type ones, the one that
is most close to P-OGA is orthogonal greedy algorithm (OGA). In AFD, at the step n, a parameter value a, can be repeatedly selected
with respect to the reduced remainder f, in order to have the maximal energy gain. On the other hand, OGA does not allow repeated
selections of a parameter with respect to the orthogonal standard remainder g,. In the unit disc context, OGA generates orthogonal
projections of the orthogonal standard remainder g, into linear span of

1 1

, — .., — n=12...,
1—az 1—a,z

where all the g, ’'s are distinct. In contrast, 1-D AFD, in accordance with (1.3), gives rise to orthogonal projections into linear spans of the
partial fraction systems

1 1 1 1
1,...,z2m7 —— - R — - , n=12..., 113
1—az (1 —ayz)™m 1—-a,z (1 —a,z)m ( )

where all the a, are distinct and m,, are the respective multiples. The latter is with the full strength of the related partial fractions,
and thus, the decomposition converges faster (also see Sections 2 and 3). Not only having a fast converging positive frequency
representation, AFD through its backward shift process automatically generates an orthogonal expansion without involving the G-S
orthogonalization process.

Remark 5

The Maximal Selection Principle may produce asequence ay, . .., dn, . . . that does not satisfies (1.4). Such case corresponds to a remark-
able decomposition of the Hardy space. It is noted that the case is exactly when a Blaschke product ¢ (2) is definable with ay, . . ., ay, . . .,
being all its zeros including the multiples [5]. In such case, we have the space decomposition

H? = span{B,} @ ¢H?, (1.14)

where the closed set span{By} is a backward shift invariant subspace and ¢pH? a shift invariant subspace of the H? space. In such case, f
belongs to the backward shift invariant space. Backward shift invariant subspaces have significant applications to phase and amplitude
retrieval problems and solutions of the Bedrosian equations, as well as to system identification [21]. We note that for the index range
1 < p < oo, no matter whether (1.4) is met or not, the generalized system {By} is a Schauder basis of the LP(dD)-topological closure of
the span{By} [22].

Now, we discuss whether the idea of AFD can be generalized to multiple dimensions. AFD is based on complex analysis of one com-
plex variable. For a Euclidean space R", there exist essentially two formulations to bring in a complex structure, or a Cauchy theory. One
is the several complex variables formulation with the imbedding R” C C". It changes a function of several real variables, f(xy, . . ., x,), to
the corresponding one in several complex variables, f(zy, . . ., z,). This makes sense at least when f is a polynomial. In such formulation,
f is said to be holomorphic if and only if f is holomorphic in each component variable z,, k = 1,2, ...,n. The other is the imbedding
into a Clifford algebra, with the quaternionic space as a particular case. The formulation extends the domain of a function f(xs, ..., x,)
to a set of one more dimension, f(xg,x1,...,X,). With each of those formulations, there exists a Hardy space theory. In the several
complex variables case, there exist Hardy spaces on tubes [23, 24]; while, for the Clifford algebra formulation, there exists a conjugate
harmonic system theory [23, 24], being alternative to the notion of Clifford Hardy space theory [25, 26]. The Clifford-quaternionic for-
mulation is more close to one complex variable: 1-D AFD has been extended or partially extended to the quaternionic and the Clifford
algebra contexts. The first paper along this line is [27] generalizing AFD to quaternions. The second paper is [28] dealing with general
Clifford algebras. Because of the non-commutativity obstacle, what one can do in R” is a greedy-like algorithm. The AFD generaliza-
tions to those contexts are not in full because of the non-commutative obstacle. The third paper is [29] in which a scalar-valued phase
and its derivative are introduced and used to analyze signals of several real variables. The phase derivative concept has a close con-
nection with signal decomposition. The success of the generalizations to the quaternionic-Clifford algebra formulation lies on the fact
that one can perform algebraic computations to higher-dimensional vectors just like what one does to complex humbers. The incon-
venience of such formulation is that, except the two cases, viz., the whole hyper-planes and the real spheres in R”, there exist very few
cases in which we could possibly use the quaternionic and Clifford algebra theory. For images defined in bounded regions, including
rectangular regions for instance, one runs into difficulty.
_____________________________________________________________________________________________________
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For the several complex variables formulation, there is no direct and parallel method like what we use in the 1-D case to produce an
AFD theory. In particular, there is no backward shift mechanism, nor outer functions theory, nor Blaschke products either. The present
study offers two approaches for the several complex variables formulation of which one is phrased as ‘Product-TM Systems’; and the
other ‘Product-Szegd Dictionary’, as provided, respectively, in Sections 2 and 3. With the Product-TM System approach, like in the 1-D
theory, we prove a Maximal Selection Principle and then prove the corresponding convergence. With the Product-Szegd Dictionary
approach, we first show that OGA is applicable, that is, the maximal energy may be gained at each step. We next propose a new type
greedy algorithm in the abstract complex Hilbert space setting, called Pre-orthogonal Greedy Algorithm, abbreviated as P-OGA. Our
proofs of the corresponding convergence and convergence rate estimation are made to be more general by allowing the weak type
version. To be consistent with the literature, by ‘weak’ we mean to allow a tolerance constant p < 1 in the Maximal Selection Principle
(3.24). The new convergence rate estimation (Theorem 3.3) evidences that P-OGA is stronger than OGA). In Section 4, we further study
P-OGA in depth and raise a new concept Induced Complete Dictionary, or Complete Dictionary. We show that the concept is naturally
associated with P-OGA. We then prove the availability of P-OGA in the 2-torus context under the Complete Dictionary Induced by the
Product-Szeg6 Dictionary. Finally, we prove that in the classical 1-D unit disc context, under the Complete Dictionary Induced from the
Szegd Dictionary, P-OGA is identical with AFD.

2. 2-D AFD of the Product-TM System type

We will be working with two complex variables. For more several complex variables, there is a parallel theory.
Let a denote a finite or infinite sequence {a,} of complex numbers a;, a, . . . in the unit disc D, and 32 the finite or infinite TM system
defined through a, that is,

= {Btay,...an} = {B3},

where

\/ a Z—da
Bi(2) = — lan| =12,...
n@ = —dnz l_[ —az
When ais a finite sequence, a = {aj, . .., an}, we sometimes denote 52 by 553,
Let T denote the boundary of the unit disc 9D, and L2(T?) the space of complex-valued functions on the 2-torus with finite energy,
where the energy is defined via the inner product

(f.g) / / f(e", e)g(e", e*)dtds.

From the multiple trigonometric series theory, f € L2(T?) if and only if

f(e" e*) = Z ekt in the L2 — sense,

—oo<k/<oo
where
Z lcul®> < oo, = (fen) eults) =ee".

—oo<k/<oco

Denote

HA(T?) = {f € L’(T?) : f(e", ") = ) cue ™t
k>0

In the sequel, if there is no confusion arising, we will denote L2(T?) and H2(T?), briefly and respectively, by H2 and L2. It can be easily
shown that H? is a closed subspace of 2. Denote by H2(D?), the class of complex holomorphic functions in the poly-disc D x D satisfying

4 T .. .
sup / / |f(re", se)|?dtdu < oo.
T J—TT

o<rs<1J—

It may be shown that for any function f € H2(D?), there holds

lim f(zzw)  existfor almost all (e",e”) € T2,
z—>eltw—>ei
where both the limits z — € and w — € are in the non-tangential manner in their respective unit disc, and the limit function on T2
belongs to H(T?). The mapping that maps a function in f € H?(D?) to its boundary limit function in H(T?) is one to one and onto,
and, as a matter of fact, an isometric isomorphism. For this reason, we sometimes use H2 for both H2(D?) and H2(T?). We note that T?
is not the topological boundary, but characteristic boundary of D?, which is part of the topological boundary. Data on the characteristic
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From now on, we work with a real-valued function f € L2. Define

f+,+ (eit’eis) — Z C/kei(kt+ls),
kI=0

f+,— (eityeis) — Z C,kei(kt—f—ls)'
k—I=0

f—,+ (eit’eis) — Z C/kei(kH—ls),
—k,/>=0

f— (eit,eis) — Z C/kei(kH'Is).
—k,—I=0

Analogous with (1.1), we have

Theorem 2.1
Let f € L2 be real valued. Then

f(e",€") = 2Re {f+'+} (¢",€") + 2Re [f (e’('), e_i('))]+'+ (¢".e™) —2Re {F"‘} (¢") — 2Re {G"‘} (%) + coo.

Proof
We have the relation

f(eitleis) +F (eit) + G(eis) + oo = f+,+ (eir’eis) + f+,— (eir’eis) + +f—‘+ (eit,eis) +f (eitleis) ]

where
F(it)_i/nf(it is)d G(is)_i/nf(it is)dt
e_27r . e", e®) ds, e_zn,ﬂ e e :
Therefore,
f(e ) =TT (" e) + T (", €) + F~F (e, €*) + +f (e, €*) — F (") — G (€¥) — coo.
We note that

[f (e’(i'),e’(i'))]+'+ (ei(:i:t)’ei(:l:s)) R (o 6), [f (ei(:t~)lei(:|:~))i|+'+ (ei(:i:t)’ei(:FS)) _ T (6.

Because f is real valued, f 1 and f—— are a conjugate pair, and f+— and f— are another conjugate pair. We have

FHt T = 2Refrt |
and
ot = 2Re ],
Thus,
(", e") =2Re {1 (¢, %) + 2Re [FH} (¢, e") — F (¢) — G (") — cuo
=2Re {f""*’} (¢".€") + 2Re [f (e’('),e_i('))]+'+ (€ e™®) —F(e") — G (®) — coo
=2Re {f+’+} (¢".€") + 2Re [f (e"('),e_"('))]—'—'+ (¢".e™) — 2Re {F"'} (e") — 2Re {G+} (€%) + coo.
The proof is complete. O

We note that T+ (e't, €5), f (e, e7"), f~F (e, &%), f ~~ (e, &™) are functions in H2. The aforementioned result shows that
decomposition of a real-valued function f € L? may be reduced to decomposition of a number of related functions in the Hardy space.

It may be easily shown that the Product-TM System is complete in the product space, if the two factor 1-D TM systems both are
complete in their respective spaces.

Theorem 2.2
If B and B, are two finite TM systems, then B3 & BE, is an orthonormal system in L?(T?). When 132 and B® are two bases of H(T),
then B2 R B® is a basis of H?(T?).

Proof

The first assertion is obvious. To show the second, we note that holomorphic functions in two complex variables of the type
Zle f(2)gx(w) are dense in H2(T?). In fact, finite sums of multiple trigonometric series are dense in H2(T?). If 52 and B are two bases
of H?(T), then finite linear combinations of functions in 82 ) B are dense in the function class consisting of functions of the type
Zle f.(z)gr(w) and therefore also dense in H2(T?). The proof is complete.
|
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Denote, for f € H2(T?),

Sa(f) = Y (F.Bf ®BP)B} @ BY = Y Dy(f), Da(f) = Sn(f) — Sp—1(f), So(f) =0,

1<ki<n k=1 (2.15)
n=12...
O
Note that D, (f) is called the n-partial sum difference having 2n — 1 entries.
Theorem 2.3 (Maximal selection principle for Product-TM System)
Forany f € H? and previously fixed ay, . ..,a,—1 and by, . .., b,—3 in D, there exist a,,, b, in D such that the associated
IDaHIF = Y [(f.B @B (2.16)

max{k,/}=n
attains its maximal value among all possible selections of a,, b, inside the unit disc.

Proof
Let f € H? be given and fixed. We separate the proof into two steps: (i) when |a,| — 1and |b,| — 1, withay,...,a,—yand by,...,b,—1
being previously fixed, one has, uniformly inay,...,a,—; and by, ..., bp—1,

lim D, =0;

lan|—1,lbn|—1

and (i) if one of |a,| and |b,| tends to 1, then (2.16) does not give rise to a maximal value either. We note that the first assertion deals
with the case where (a, b,) tends to the characteristic boundary; while the second assertion deals with the boundary. O

Now we show (i). Applying the Cauchy-Schwarz inequality to each of the 2n — 1 terms of the partial sum difference D,, we conclude
that, for any € > 0, we can find a polynomial P such that
ID5(f = P)|* < €

uniformlyinay,...,a,—1,a,and by, ..., b,—1, by. Itis therefore reduced to showing that for any polynomial P,

lim  [ID,(P)[I* = 0.

lan|—1,lbp|—1

Now, because of the expansion of D,, in (2.15), it suffices to show, under the limit procedure |a,| — 1and |b,| — 1,

I(P.B®BP)* -0, 1<I<n (2.17)
and
|(P,B¢ ® B%)|? — 0, 1<k<n. (2.18)
Denote by s the generalized partial backward shift operator via a for the variable z, and similarly Sff) for the second variable w.
Because of (1.11), as well as the reproducing property of the product Szego kernel e,, ® e, we have

n—1 -1
(P.B} ® BY) = <H s [1s2 e, ® e,,,>
k=1 k=1
n—1 -1
=V1-la,PV1- b2 [P [ 52 (P)an b))
k=1

k=1

(2.19)

—0, as |an| — 1,

where we use the fact that generalized backwards shifts of polynomials are still polynomials and thus are bounded in a neighborhood
of the closed unit disc. Similarly, we can show (2.18). We thus have

lim 1D, (P)||?> = 0.

lan|—1,lbp|—1

Now, we show (ii). Let |a,| — 1. Because of (2.19), all terms in (2.17) are vanishing. The orthogonality between the 2n — 1 terms of
Dy (f) implies that for |a,| —
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that implies the Bessel inequality
n
> DI < (1117
k=1

As a consequence, we have
o0

Jim > I =o.
k=n-+1
This, in particular, is valid with maximal selections of (a,,, b,) in accordance with Theorem 2.3. Moreover, under such selections, we have
Theorem 2.4
let f € H2(T2). For any ko and previously fixed ay, by, . .., ax—1, bx,—1, Dy selecting parameter pairs (ax,, biy), (ako+1, bkg+1), - - -,
according to the Maximal Selection Principle, we have

lim |If —S,(H|? =0.
n—oQ

In other words, in the L2-convergence sense,
f= lim S,(f).
n—00

Proof
We prove this by contradiction. Assume that this is not true. Then

f=Y Df)+h h#0,

k=1

where h is in H? and orthogonal with each Dy (f). Hence,

o0
A1 = 1F1> = > 1Dk > 0.

k=1

By using the tensor type Cauchy formula for two complex variables, we have for any a, binD,

(he ® e) = V1—1al2 /1~ |bI?h(@,b)

Therefore, there exist @, b in the unit disc such that (h, ers ® eqp) # 0.Denote by
X = span{B? ® B°},

where /32 is the TM system generalized by {a,a, . . ., dn, ...} under the given order; and likewise, for the notation B°. The corresponding
n-partial sum difference is denoted Dy, involving a,b,as, by, ..., an—1, bp—1.
O

Denote by h/X the orthogonal projection of h into the subspace X. In the sequel, we will continue to adopt this notation for
orthogonal projections. It is easy to show that
lh/Xll2 =& > 0.
In fact,

o0
1h/X15 = " IDkl3 = D115 = I(h, ez ® e5)|* > .
k=1

Set, for any integer M,
Xn = span{B3 ® BS} and Xy = span{B3 ® BY},

where B,;‘}, and l?,.kj, are, respectively, the TM systems generalized by {@, a1, . ..,au—1} and {b, b1, . .., by—1}.

Because o

lh/X —h/Xul®> = Y D> -0,
k=M+2
we have
lim h/Xy = h/X.
M—o00

Now, find M so large that ,

> o Dulh)| <8/8.

k=M

h/Xull> > 8/2  and

For such M, on one hand,

Copyright © 2016 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2016, 39 2431-2448
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Proof
It suffices to show for any function g in the Hardy space there holds

(g ea ® e)? = 0.

m
la|—1— or |b|—1—

Because of the orthogonality, it suffices to show

lim 19 —(9.ea ® ev)ea ® &5l = l9]- (3.21)

la|—1— or |b|—1—

Let P, ® P be the tensor type Poisson kernel on the poly-disc [24], r,s € [0, 1). For ¢ > 0, we can choose r and s sufficiently close to 1
such that, owing to the L2-approximation property of the Poisson integral, we have

gl = 119 — (9.ea ® ev)ea ® ey
= [|(Pr & Ps) *[g — (g,€a ® ep)eq ® ev]||
= [[(Pr ® Ps) * gl — (g, €a ® e)|[|(Pr ® Ps) * (€q ® ev) |
= @ =o)Igll = IgIlII(Pr & Ps) * (eq ® €v)].

(3.22)

Now, with the fixed r and s, because e, ® e, € H2, there follows, for z = re’t, w = se',
(P; ® Ps) * (eq ® ep) (", e") = eq(2)ep(w).

Then we have explicit computation

1 (27 1—|a]? T 1—|b?
P.®P 2 = — dt =
[|(Pr ® Ps) * (€a ® eb)| (27)? /o |1—are'|2 /(; |1 — bselu|?

_ 1-1a® 1-1bP
1—r2|al2 1 —s2|bJ2

When |a| — 1 or |b| — 1, the inequality (3.22) gives
gl = 11— (9.ea ® ev)eq ® o]l = (1 —2€)]gll.

This shows that the limit (3.21) holds. The proof is complete.
By implementing the aforementioned Maximal Selection Principle with the Product-Szegé Dictionary, under the general theory of
PGA [30,32-34], one has, in the energy sense,

f=) (g eq ® ep)eq ® ep,.

8

»
Il
o~

It was shown that OGA is more optimal than PGA [30, 33,34]. In the succeeding text, we propose a new variation of greedy algorithm
called P-OGA, which is truly stronger than OGA. Our formulation is in the general complex Hilbert space, allowing a weak type version
of P-OGA, called WP-OGA.

Let 1 be a complex Hilbert space and A a dictionary consisting of elements a € A satisfying ||e,|| = 1, spanA = 1. Let

n—1
f =" (f,Bu)Bx + gn, (3.23)
k=1

where {By, ..., Bk} is the result of the G-S orthogonalization process applied to the finite system {ay,. .., ax}, where for each k, ai is
selected to be one satisfying the pre-orthogonal p-Maximal Selection Principle

gk, Bi)| = psupfl(gr. BY)| = a € A}, pe(0,1], (3.24)

where {By, ..., Bx—1, Bf} is the orthogonalization of {a, . . ., ax—1, a}. Such defined decomposition is called Weak Pre-orthogonal Greedy
Algorithm, abbreviated as WP-OGA. When p = 1, it is called Pre-orthogonal Greedy Algorithm, abbreviated as P-OGA. To see the dif-
ference between the just introduced with Weak Orthogonal Greedy Algorithm (WOGA, [30]), we recall that in the latter, the selected
ay satisfies

l(gr. ak)| = psupil{g.a)| : ae A}, pe(0,1]. (3.25)
. ______________________________________________________________________________________________________|
Copyright © 2016 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2016, 39 2431-2448
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To summarize, both WP-OGA (P-OGA) and WOGA (OGA) use the orthogonal standard remainder, but WP-OGA first performs orthog-
onalization and then selects a dictionary element, while WOGA first selects a dictionary element and then performs orthogonalization.
To show that WP-OGA offers a better approximation than OGA at each step, we note that, with a selected ax € A, no matter how
[{gk, ak)| is close to sup{|(gk, a)| : a € A}, we always have

sup{|(gx, Bf)| : a € A} > |(gk, By*)|.
The optimality of WP-OGA is also seen from the convergence rate estimation proved in Theorem 3.3.

Asin OGA, we have, owing to the orthogonality,
(f,Bk) = (9K Br)-

The corresponding energy rule is again
n

f— > (f,Be)Bx

k=1

2 n
= FI7 = > I(F. B,
k=1

which implies the Bessel-type inequality
o0
> E B < IIF1%
k=1

Theorem 3.2
Let 77 be a complex Hilbert space with a dictionary A. For any f € #, with a sequence of consecutively selected a, ..., ap, ... from A
under the Pre-orthogonal p-Maximal Selection Principle , we have

f= ) (f BB,

gk

k=1

where for each k, the system {By, . . ., B} is the result of the G-S orthonormalization process applied to {as, . . ., ax}.

The proof provided in the succeeding text directly depends on the Pre-orthogonal p-Maximal Selection Principle.

Proof

We prove the theorem by contradiction. Assume that f = > .2, (f,B«)Bx + h, h # 0,h L spanB, where B = span{ay,...,dp,...}.
Because spanA = %, there exists b € A such that (h,e,) # 0. Denote B° = {b,ai,...,a,,...}. Obviously, h/spanB® # 0. Let
|h/spanBt| = § (> 0). Denote B, = {ay, .. .,a,,},ijJrl = {b,a,...,an}. We have, by similar reasoning as before,

im_ h/spanB., = h/spanPb.

Fix N large enough so that

[ee)
Ih/spanBl .| > §/2, and > (FBOBi| < 8/27,
k=N+1
where m will be determined later. Now, write
N oo
f=> -+ -~ +h
k=1 k=N+1
N
= Z © 4 gn+1
k=1
O
On one hand, due to the orthogonality,
[{f, Bn+1)| =|{gn+1, Bnt1) ]
o0
=I( Y - Butll
k=N+1
o0
<l >
k=N+1
<§/2™.
Copyright © 2016 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2016, 39 2431-2448
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On the other hand, because {B, . .., By, Bzﬂ} is the orthogonalization of {ay, ..., ay, b}, we have

[{f, By = 1(Gn-+1,BRp )|

=I(h+ ) - Byl

N+1

> |(h,Byy1)| — I( Z BR 1)

N+1

= ||h/spanB. || — Z B 1)
NT1
> §/2—5/2"
(2m=1_ 1)
- o

Therefore,

[{f, Brua)I/ supil(f. By a)| + a € A} < oo
Now choosing m so large that ﬁ < p, we arrive at a contradiction. The proof is complete.

To obtain the convergence rate estimation, we first give some remarks. Assume that we have {B;, ..., B,—;} as the orthogonalization
of {ai,...,a,—1}. When we have the next element an to be added to, and to be made orthogonal with the former By, . . ., B,—1, what we
doisto expand an into the linear expansion Zk 1(an, B)Bx, and then find the nth orthogonal standard remainder a, — Zz;i (an, Bk) Bk
given by (3.23). This process gives the projection of a, into the orthogonal complement space of the linear space span{as, ...,d,—1}.
We denote such projection operator by Q¢ ... 4,_,3. Thatis,

n—1 Q{ }(a )
Qiay...an13(@n) = an — (A, B)Bk, B, = _ZAan,.An—1s AFN7
“ ? 1} " " I;. " " ”Q{Gl ..... anfl}(an)”

In the succeeding text, we will sometimes abbreviate Q¢q, .. ¢,_,3 @S Qn—1.
On the other hand, we also have

gn = Q{al,...,a,.fl}(f)v (326)

where g, is the nth orthogonal standard remainder of f with respect to the orthonormal system {B,...,B,—1} defined by (3.23).
The relation we want to cite is that for any two functions f and g in the complex Hilbert space, we have (f,Qq, .. 4,—13(9)) =
(Q¢ay....er_13 (), g) due to the fact that both the left and right hands are identical with (f, g) — Z;i(f, Bi) (Bk, 9)-

By the just mentioned property of the projection operator, when ||Qq, .. .a,_,3(@)|| # 0, we have

|<gn,Bz>|=m|<o{al,...,an_l}<f>.oal ..... s (@)
1
1@l T3 - a2
:muo{al,m,an—ﬂ(ﬂ'a>|
= ||o{al,...,jﬂ~,<a)|| [gn.al
Set,foranyay,...,a,—1in A,andanya € A,
ra(a@) = |Q¢a....ap_13 (@D (3.28)

We have r,(a) < 1. The case r,(a) = 1is exactly when a is orthogonal with span{a;, . ..,a,—1}. The case r,(a) = 0 is exactly when
a € span{as,...,a,—1}. Weak Orthogonal p-Maximal Selection Principle, however, does not allow such selection. Therefore, for the
allowed cases, there always

(gn B3)| = P (a)l(gn, a)| = [(gn, a).

Now, as in [33] (also see [2]), we introduce
. ______________________________________________________________________________________________________|
Copyright © 2016 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2016, 39 2431-2448
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o0 o0
H(AM) ={feH 1 f=) " aan » _ lal <M.
k=1 k=1

We have the following:

Theorem 3.3

Let f € H?(A,M). Denote by g, the orthogonal standard remainder of f with respect to the orthogonal
the consecutive selected {as, ...,an—1} under the Pre-orthogonal p-Maximal Selection Principle. With Ry,
sup,{r(bk)}, where r,(by), depending on aj, . . ., a,—; and by, is defined as in (3.28), we have

RmM
lgmll < ——
P

Elle

We also need the following result [33]

Lemma 3.4
Let {d,}"_, be an m-tuple of non-negative numbers satisfying

d
dl <Am dn+l = dn (l - l) .
Am

Then there holds

d,,,gA—m.
m

When the aforementioned relations hold for all integers m and all n < m, and A, < A, then we have, for all m,

3>

dm =

Proof of Theorem 3.3
Assume that f = 3", ckby with Y, |ck| < M. We first note that

Igm-+111* = 1gml1? = 1(gm Bm) .

Next, we have a chain of equality and inequality relations: For eachn < m,

[{gn, Bn)| = psup [{gn, By
acA
> pSlipHgn.B‘n’*)I

1{gn, bx)|
rn(bk)

2 sup|(gn, bi)|
'n «

n

o
ol ton bl

o
rmm

= psup
k

%

%

[{(gn, F)]

%

P g2
Pl

ization {By,...,Bn—1} Of
= max{r,...,m}, I =
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g — (g, N(a, k)dseq ® N(b, )3 e5)N(a, k)dsea ® N(b, 1)d;es||* = O. (4.38)

lim
la|—1or|b|—1

Performing what is carried out in (3.22), we are reduced to showing

im Py ® Py) * (N(a,k)dkeq ® N(b, dLey) || — 0. (4.39)

la|l—1or |b|—1
Now, with the fixed 0 < r < 1and 0 < s < 1, because N(a, k)dse, ® N(b, e, € H?, there follows, for z = re'', w = se,
(P, ® Ps) * (N(a, k)dsea ® N(b,1)dzep)(€", €") = (N(a, k)dkeq) (2) (N(b, 1) dLep) ().
With explicit computation, we have

N(a, k) N(b,1)
N(ra, k) N(sb, )y "

2
”(P, & Py) * (N(a,k)dkeq @ N(b, )ep) H - as lal—>1 or |b— L

With the relation (3.26), the same reasoning gives

Qn_1 (N(a, k)dke, ® N(b, I)B%eb) H2 .

1= H N(a, k)dke, ® N(b, )3Les HZ - i ‘(N(a, k)dke, ® N(b, I)B’Eeb,Bk>‘2 + ‘
k=1

By invoking (4.36),

n—1
2
lim ‘N K)dke, ® N(b, ol ,B‘:O.
ST (N(@. k)dkea ® N(b.Des, Br)
We hence obtain (4.37). Therefore, we have proven (4.35). Next, we indicate that we can always select an element of ﬁ, being a

linear combination of finitely many directional derivatives of certain orders of the elements in D?, that gives rise to the maximum of
lgn Bo)l.a € A
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