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Abstract

This paper considers the problem of approximating the spectral factor of continuous spectral densities
with finite Dirichlet energy based on finitely many samples of these spectral densities. Although there
exists a closed form expression for the spectral factor, this formula shows a very complicated behavior
because of the non-linear dependency of the spectral factor from spectral density and because of a
singular integral in this expression. Therefore approximation methods are usually applied to calculate
the spectral factor.

It is shown that there exists no sampling-based method which depends continuously on the samples
and which is able to approximate the spectral factor for all densities in this set. Instead, to any sampling-
based approximation method there exists a large set of spectral densities so that the approximation
method does not converge to the spectral factor for every spectral density in this set as the number
of available sampling points is increased. The paper will also show that the same results hold for
sampling-based algorithms for the calculation of the outer function in the theory of Hardy spaces.
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1. Introduction

Spectral factorization is an important operation in many areas of signal processing and
engineering and it is closely related to the inner—outer factorization in Hardy space theory.
Best known is certainly its application in the Wiener—Kolmogorov theory of smoothing and
prediction for stationary time series, which was initialized by the seminal works of Kolmogorov
and Wiener [28,44,45] and which found multiple generalizations and extensions in different
areas of science and engineering such as in estimation and filtering [13,20,46], in robust and
optimal control [39,48], or in the theory of stochastic realizations [30], to mention only a few.
Moreover, spectral factorization plays a key role in the definition and determination of several
metrics (e.g. Riemannian and Finsler) between spectral densities [4,26] which are applied in
numerous signal processing and control applications.

Let ¢ be a spectral density, i.e. a non-negative real function on the unit circle T = {z € C:
|z| = 1} satisfying the Szegd condition log ¢ € L'(T) (also known as Paley—Wiener condition).
Then spectral factorization is the process of writing ¢ uniquely as a product of a function
¢4 (2) and the functions ¢_(z) = ¢ (1/72), i.e.

$(0) =9 ()¢-(0) = [p4@)]°  forallz eT. 1)

Therein, the spectral factor' is an analytic function for all z in the unit disk D = {z € C : |z|
< 1} and satisfies ¢, (z) # O for all z € D.

1 Sometimes, one considers factorizations where the spectral factor ¢, is not required to be analytic and non-zero
in D. Then the factorization is no longer unique and a complete characterization of all such spectral factors for
rational spectral densities can be found in [3].
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The problem of determining the spectral factor ¢, of a given spectral density ¢ arises
in many different applications such as estimation and prediction, communications, signal
processing, and control theory [27,39,43,46]. In particular, it is a fundamental operation in
the design and determination of the so called Wiener filter, frequently used in almost every
area of signal processing [14,19,21,22]. For all these applications, it is important to have
effective design methods for the Wiener filter with a corresponding analysis of the stability
and robustness with respect to uncertainty in the spectral factors [6]. Technically, there exists
a closed form expression for the spectral factorization mapping S : ¢ — ¢, given by

e +z

it
eir —z

1 T .
¢+(z) = (S¢) (z) = exp <4 f log ¢(e') dr) , zeD. )

)
Nevertheless, because of the apparent non-linear relation between ¢ and its spectral factor
¢+ and because of the singular integral in (2), this mapping shows a very complicated
behavior [1,5,7,8,23,24]. Therefore (2) is rarely used for calculating ¢, but different classes
of approximation algorithms were developed for calculating the spectral factor [2,18,37,47].
Nowadays all such algorithms are assumed to run on a digital computer. Therefore only
finitely many input numbers can be processed and so any algorithm for calculating the spectral
factor ¢, on a digital computer has to be sampling-based, i.e. it can use only finitely many
samples {¢(Z,)}_, of ¢, taken on a certain sampling set Ty = {¢,}_, C T. Then, we do not
expect that the algorithm determines the exact spectral factor ¢, but only an approximation
Sn(¢). However, we do expect that the approximation error can be made arbitrarily small by
increasing the size N of the sampling set 7y. Thus we expect that

Jim |l¢+ —Sn(pllg =0 forallgp € 7, 3

wherein & stands for the set of spectral densities under consideration and the approximation is
considered with respect to an appropriate norm ||-||4. This paper asks the following question:
Is it possible to find an appropriate sequence {Ty}yey C T of sampling sets together with a
corresponding sequence {Sy}yey Of sampling-based approximation operators such that (3) is
satisfied? This problem is investigated for spectral densities in the set &, of strictly positive and
continuous spectral densities of finite Dirichlet energy with the property that ¢ is continuous
on the closed unit disk D = DUT. In other words, we consider this problem on a set of spectral
densities with very good analytic properties (continuous densities of finite energy where even
the spectral factor is continuous). Despite these simple assumptions, we are going to show that
there exists no sequence S = {Sy}yey Of sampling-based approximation operators such that
(3) is satisfied for all ¢ € Z, and with respect to the uniform norm. Actually, it is shown that
to every sequence S there exists a large set of spectral densities ¢ such that [|[¢1 — Sy (@)l 4
does not converges to zero as N — 0o

Spectral factorization is closely related to the so-called inner—outer factorization which plays
a central role in the theory of Hardy spaces [17,29]. It states that any function in a Hardy space
HP(D), 1 < p < oo, of the unit disk can be factorized as f = f,f; with a so-called inner
function f; and an outer function f,. For the outer function f,, there exists a closed form
expression, almost identical to Eq. (2) for the spectral factor. This similarity will allow us
to derive in the second part of the paper a result showing that there exists no sampling-based
approximation procedure which is able determine the outer function for all continuous, positive
functions of finite Dirichlet energy.

Since Shannon’s seminal paper [38] on sampling of bandlimited functions, sampling theory
plays a fundamental role in applied mathematics and signal processing [16,25,32,35,41] with
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applications in image processing [40], graph theory [15], estimation and prediction of stochastic
processes [31], to mention only a few fields. Despite its far-reaching importance, this paper
is going to show that there exist fundamental limits for the applicability of sampling-based
methods. Specifically, we will show that the calculation of the spectral factor and the outer
function from samples of the spectral density is impossible, in general.

The paper is structured as follows. Section 2 gives a very short overview of the used
notation and signal spaces. In Section 3, sampling-based methods for the spectral factorization
are investigated. To this end, basic properties of the spectral factorization mapping are
recaptured and an appropriate set of spectral densities, 7., is defined. Afterward, an axiomatic
characterization of sampling-based approximation methods is introduced and it is shown that
in this class of approximation methods there exists no approximation method which is able to
calculate the spectral factor for all densities in the class Z,. Section 4 translates the results
of Section 3 to similar statements for the calculation of the outer function. The paper closes
with a short summary and a discussion of further mathematical and practical properties of the
spectral factorization in Section 5.

2. Notation and function spaces

The Banach space of all functions continuous on T with norm || f|l,, = max;eT | f(£)] is
denoted by C(T), and L”(T) with 1 < p < oo stands for the usual Banach space of p-integrable
functions on T. The Fourier coefficients of any f € L'(T) are given by

()= [T fee"dd, nel,

and it is well known that for 1 < p < oo every f € L?(T) can be recovered from its Fourier
coefficients by means of the Fourier series

fEY =Y (e,  oel-nmn),

which converges in the norm of L”(T) and uniformly on T. With every f € L”(T), one
associates its conjugate function f € LP(T) given by

fe)=MHHE) = -iY,senm) (e,  0el-n7), )

with the usual signum function given by sgn(n) = n/|n| for n # 0 and sgn(0) = 0. The
mapping H : f f is said to be the Hilbert transform and we note that it is also common
to call f the Hilbert transform of f.

We will also need the Hardy spaces H? (D) on the unit disk [17,29]. For every 1 < p < oo,
the Banach space H”(D) is the set of all functions f analytic in D and which satisfy

1 T . 1/p
£, = ( sup — | | £’ de) <00,

O<r<1 &0 J_x
and H°°(D) denotes the set of all bounded analytic functions on ID with norm | fll,, =
sup,.p | f(2)|. The disk algebra A(D) = H*(D) N C(T) contains all functions analytic in D
and continuous in the closed unit disk D, equipped with the norm || || 4y = max, g | f(2)I.
For every f € HP(D) the radial limit lim,_, o, f(rel’) exists almost everywhere on T and
defines so a function in L?(T). Therefore 7”(ID) can be identified with the closed subspace
{f € LP(T) : c,(f) =0 for all n < 0} of LP(T). We also note that a function f in I is said
to be an outer function if there exists a ¢ € L'(T) such that
e

it

fz)=-exp (% fﬂ log ¢(e'") dr) forallzeD.

elI_Z
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Note that this definition implies immediately that any outer function f is analytic in D with
f(2) # 0 for all z € D and it shows that every spectral factor (2) is an outer function.

In signal processing, the L?-norm is usually interpreted as the energy of a function.
Nevertheless, in physics a stronger notion of energy is often applied which will also be adapted
in this paper. Namely, we require that all of our spectral densities have finite Dirichlet energy
which is equal to the square of the seminorm

1fllg = (Xez 2l leal )2 )

Based on this seminorm, the Dirichlet space D¢ is defined to be the set of all continuous
functions on T with finite Dirichlet energy, i.e.

De={f €l : lIflg <+oo} withnorm | flp, =max (|l flls.lIflg) -

The so defined D¢ is a Banach space and we refer to papers like [10,36] for a detailed
discussion on the relation between || f|l; and the energy of certain physical quantities. We
would also like to point out that the norm in D¢ is equal to the norm in the Sobolev space
HY>(T) = WY22(T).

3. Spectral factorization — Divergence of sampling-based approximation methods

This section considers the problem of approximating the spectral factor ¢, of a spectral
density ¢ based on the given samples of ¢. The first subsection provides a very short review
of basic properties of the spectral factorization and the second subsection defines precisely the
set 2, of spectral densities on which this operation is considered. Afterwards, Section 3.3
gives an axiomatic description of the approximation algorithms which are considered. The last
subsection will show that for every arbitrary sampling-based approximation algorithm which
falls in our axiomatic framework, there always exist spectral densities for which the algorithm
does not converge to the desired spectral factor.

3.1. Definition and basic properties

Let ¢ € C(T) be a real function so that ¢(¢) > ¢o > 0 for all ¢ € T. Then its spectral
factor ¢, is given by (2). Let us define the function u by u(¢) = log¢(¢) for all ¢ € T and
write z = re? € D with r € [0, 1) and 6 € [—x, 7). Then, by separating the kernel in (2) into
is real and imaginary part, (2) can be rewritten as

¢+ (re”) = exp (5 (Pru) () - exp (i3 (Quu) (€) ©)
with the usual Poisson- and conjugate Poisson integral given by
(Pu) ) = / Cue) Lo d
U = — u T
27 J_ 1 —2rcos(@ —1)+r?
: | I 2rsin(@ — 1)
d . 0y _ _/ it ;

an Q)= | T s - 12

respectively. Moreover, we notice that (Q,u)(ei(’) = (Prﬁ)(eie) for 0 € [—m, ), wherein &
is the conjugate function (4) of u. Moreover, for continuous functions u € C(T), it is well
known [17] that

lin} Pou) (€)= u’)  forall 6 € [—m, 7). (7)
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So if u € C(T) has the property that u € C(T) then (6) and (7) show that
¢1(0) = exp (3 [u(@) +1u(Q)]) . ¢eT ®

is a continuous function on T and in particular that ¢, € A(D).

We emphasize again that the spectral factorization mapping (2) is a highly non-linear
operator showing a very complicated behavior on several Banach spaces. Since this paper
studies the possibility of calculating the spectral factor on a digital computer, we consider only
signal spaces for which the spectral factorization mapping itself shows a very good behavior.
Then it is shown that even though we consider only nice spectral densities, there still exists
no sampling-based algorithm which is able to determine the spectral factor for all these nice
spectral densities.

3.2. Sets of spectral densities

We consider the spectral factorization for densities ¢ in the Dirichlet space D¢ of continuous
functions with finite Dirichlet energy. Additionally, in order that the spectral factorization is
well defined, one has to require that log ¢ € L'(T). Here we make the even stronger assumption
that ¢ is strictly positive on T, i.e. we consider the set

9 = {¢> € D¢ @ minger ¢() > ¢o > O}

with a certain positive constant ¢y. However, there is a disadvantage in working with &, namely
2 is not a linear space. For this reason, we consider the set

log(2) == {u =log(¢p) : ¢ € 7} , 9

i.e. the set of all functions u defined by u(¢) = log ¢(¢), ¢ € T, for some ¢ € Z. The following
lemma (whose proof can be found in Appendix A.2) shows that (9) is a Banach space, namely
the space D¢.

Lemma 3.1. Let ¢ € P be arbitrary and let u € 1og(2) be defined by u(¢) = log ¢(¢) for
all ¢ € T. Then u € De.

Conversely, let u € D¢ be arbitrary and let ¢ € exp(Dc) be defined by ¢(¢) = expu(¢) for
all € T. Then ¢ € 2.

So there is a one-to-one correspondence between the set Z of positive, continuous spectral
densities of finite Dirichlet energy and the Banach space D¢ of continuous functions of finite
Dirichlet energy, i.e.

2 = exp(De) and De = log(2) . (10)

Nevertheless, we will restrict the set of spectral densities even further by considering only
densities ¢ which have the additional property that their spectral factor ¢ is again a continuous
function, i.e. we consider spectral densities in the set

D ={peD : ¢, c AD) . (11)

As discussed in Section 3.1, the additional requirement ¢ € A(DD) is satisfied if and only if
the corresponding function u = log ¢ has the property that # € C(T). So it follows from (10)
that

2. = exp(By) and By = log(2y)
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wherein By is the separable Banach space

By={ueDc : ueC}  with norm lullsy = max (lulle - llloo » llullg) -
3.3. Approximation sequences

Next, we give a precise definition of the sampling-based algorithms for the calculation of
the spectral factor investigated in this paper. These algorithms are characterized by four simple
axioms given in the following Definition.

Definition 3.2. Let {Sy}ycn be a sequence of operators Sy : 7, — A(D). We say that
{Sn}nen 1s a sampling-based approximation procedure for the spectral factorization if it has
the following properties:

(A) To every N € N there exists a finite subset 7y C T such that for arbitrary ¢, ¢, € 2,

$1(8n) = $2(8n) for all ¢, € Ty
implies  (Sn¢1)(2) = (Sné2)(2) forall z €D .
(B) There exists a dense subset M C By such that
A}gnoo ¢+ —Sn@llapy =0  forall ¢ € exp(M),

i.e. for all ¢ = exp(u) with u € M.

(C) Sn(¢) is an outer function for every N € N and for each ¢ € D,.

(D) Let SN By — A(D) be defined by SN(u) = Sy(expu) for every u € By. Then SN is a
continuous mapping for every N € N, i.e. if {u,},ey C Bp is a convergent sequence with
limit u € B, then

lim [ Sy[exp@)] — Sy[expun)] | 4y =0  forall NeN.

Remark 3.1. We emphasize that Definition 3.2 makes no assumption on the linearity of the
operators Sy. Some or even all of them might be non-linear.

Property (A) is the key assumption. It requires that each approximation Sy(¢) of ¢ is
calculated based on finitely many samples of ¢. Property (B) requires that the approximation
procedure converges at least for a certain subset of Z,. Since we look for approximation
procedures which converge for all ¢ € 2., this property is effectively no restriction but a
necessary requirement. Property (C) demands that Sy(¢) is an outer function. Since ¢ is an
outer function, this property is a very natural assumption requiring that the outer function ¢
is approximated by outer functions Sy(¢). Finally, Property (D) makes an assumption on the
continuity of the used operators. Also this is a natural requirement for any robust approximation
procedure.

Note that Property (D) of Definition 3.2 is necessary because we allow for non-linear
approximation operators Sy. Indeed, assume Sy would be linear. Since Sy is also sampling-
based, as required by Property (A), the operators Sy would have necessarily the form
(Sne) () =Y, 9(&,) pa(z) with certain functions p, € A(D). Then for every fixed N € N, Sy
would be bounded and so also continuous. However, since the spectral factorization mapping
S itself is non-linear, it seems not reasonable to allow only for linear approximation operators
Sy. Consequently, Property (D) is an important assumption to assure that every Sy is stable
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with respect to errors in the given spectral density. Moreover, we refer to [9] where a similar
axiomatic approach was applied to characterize sampling-based approximations for the Hilbert
transform. Since the Hilbert transform is linear, it was assumed there that each approximation
operator Sy is linear and consequently no Axiom (D) was required in this work.

From a practical point of view, the four properties of Definition 3.2 are effectively no restric-
tions. Basically every algorithm for the spectral factorization which should be implemented on
a digital computer has to satisfy these properties. For illustration, the following example gives
a simple practical (linear) procedure for calculating the spectral factor and which satisfies the
four properties of Definition 3.2.

Example 1. Let ¢ € %, be an arbitrary spectral density and assume the samples
{¢(&n) : ¢n € Ty} of ¢ are given. Then consider the following two step procedure for a linear
sampling-based spectral factorization algorithm.

1. First, one determines an approximation ¢, of ¢ by interpolating the given samples by a
spline of certain degree. For this spline approximation holds limy_ o || — dn |l = O,
and since ¢ is strictly positive also ¢y is strictly positive [42].

2. Because of the positivity of ¢, one can determine the spectral factor (¢ ). of the spline
¢n using standard algorithms for polynomial spectral factorization [37].

This way, one obtains a (linear) algorithm which determines an approximation (¢y), of the
spectral factor ¢, and it is easily seen that this approximation procedure satisfies the four
properties of Definition 3.2. Moreover, applying other interpolation methods in the first step
of the described procedure (e.g. trigonometric interpolation) yields many other sampling-based
approximation methods for the spectral factorization.

3.4. Divergence of sampling-based spectral factorization algorithms

Is it possible to find a sampling-based method {Sy}ycy for calculating the spectral factor
which satisfies the properties of Definition 3.2 and which converges to the spectral factor ¢,
for all ¢ € 2,7 The following main theorem shows that the answer to this question is negative.

Theorem 3.3. Let {Sy}yen be an arbitrary sampling-based approximation method for the
spectral factorization as defined in Definition 3.2. Then the set Ry C By of all u € By such
that for ¢ = exp(u)

limsup [|¢+ — Sy (D)l 4@y > 0 (12)

N—o00

holds, is a residual set in By.

Remark 3.2. Note that (12) does not imply that the approximation error [|¢4 — Sy (D)l o)
diverges as N — oo. In fact, the proof of Theorem 3.3 will show that actually only the
imaginary part of ¢ — Sy(¢) diverges as N — oo implying that the error [|¢4 — Sy(P) || 4
oscillates but remains bounded as N — oo.

Theorem 3.3 shows that for any sampling-based approximation method {Sy}ycy of the
spectral factorization there always exists a density ¢ € 2, such that Sy(¢) does not converge
to the desired spectral factor ¢. Moreover, it shows that the set of spectral densities for which
Swn(¢) does not converge is large in the following sense: Let Dy be the set of all ¢ € 2,
satisfying (12), then log(Dy) is a residual set in .
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It is also worth to notice that the theorem considers the convergence only with respect to
the uniform norm. Since ¢ € Z, is a continuous density of finite Dirichlet energy, it would be
natural to require convergence with respect to the norm ||-|| = max (||-|| Ay Il E) However,
Theorem 3.3 shows that all sampling-based algorithms diverge already in the much weaker
norm ||-|| 4. Similarly, if one considers {Sy} as operators C(T) — A(D) then Theorem 3.3
shows that any sampling-based approximation method diverges (in the norm of .A(ID)) even on
the subset of all positive densities ¢ € C(T) with finite Dirichlet energy. So there exists a fortiori
no sampling-based method which converges for all positive continuous spectral densities.

The proof of Theorem 3.3 is based on a similar result for sampling-based approximation
methods for the Hilbert transform H. For ease of reference, we restate this result from [11]
here in the form as needed for the subsequent proof of Theorem 3.3.

Theorem 3.4. Let {Hy}yey be a sequence of continuous operators Hy : By — C(T) which
satisfies the following two properties

(I) For every N € N there exists finite subset Ty C T such that for all uy, u, € By
u1(8n) = ua(&y) forall ¢, € TN
implies  (Hyuy) (¢) = (Huy) (¢) forall¢ €T.
(II) There exists a subset M € By such that limy_,  |[Hu — Hy(1)||o = O for all u € M.

Then the set {u € By : limsupy_, o [IHe — Hy(u)|lo > O} is a residual set in By.

Proof (Theorem 3.3). Let u € By be arbitrary with the corresponding density ¢ = exp(u) € Z,,
and assume that

Jim g = Sy(@)ll ) =0 (13)

Since u € By, we know that u, u € C(T) and so (8) shows that U := log¢, € A(D). By the
definition of the operators Sy, it is clear that Sy(¢) € A(D), and ¢ € Z, implies that there
exists and ¢o > 0 such that min; 1 ¢(¢) = ¢ and so ming et u(¢) = log ¢o. Then the minimum
principle for analytic functions in D and (8) show that

9+2)| = minexp (§u(¢)) = exp(y minu(@)) = V& forallz D

So if we set g = ¢4 and gy = Sy(¢), these functions satisfy the conditions of Lemma A.3 in
the Appendix and we get from (13)

lim min|U(z) —logSy¢(z)| =0 .

N—oo |z]<1

Similarly, applying the maximum principle for analytic functions yields
lim max |U(z) —logSy¢(z)] =0. (14)
N—oo |z]=1

According to (8), U can be written on T as U(¢) = log ¢,.(¢) = 1[u(¢)+iu(¢)] forall ¢ € T.
In a similar way, we separate log Sy (¢) into its real- and imaginary part and write

log(Sn¢)(¢) = log (S [exp)])(£) = (Ayu) (§) + 1 (Byu) (¢) teT.

Because Sy is a mapping By — A(D), the so defined operators Ay and By are mappings
By — C(T). We verify next that the sequence {By}ycn satisfies the conditions of Theorem 3.4.



10 H. Boche and V. Pohl / Journal of Approximation Theory 257 (2020) 105450

According to Property (A), the operator Sy uses only the values {¢(¢,) : ¢, € Ty} of the
spectral density ¢ to calculate the approximation Sy (¢). Consequently, the operators Ay and
By are concentrated on the values {©(¢,) = log ¢(¢,) : &, € Ty} showing that {By}yepy satisfies
Condition (I) of Theorem 3.4.

Since {Sy}yen satisfies Property (B), (13) is satisfied for all ¢ € exp(M) where M is a
dense subset of 3. Consequently, (14) implies for the corresponding imaginary part

limy o0 | 3% —By@)| =0  forallu € M (15)

showing that {By}ycy satisfies Condition (II) of Theorem 3.4.
Assume {u,},cny C By is a convergent sequence such that lim,,_,  ||u — u, ”Bo = 0 for some
u € By. Then the continuity property (D) of the sequence {Sy}ycn implies

lim |[By(u) — By(uy)lleo =0 for every N e N .
n—o0

Showing that By : By — C(T) is continuous for every N € N.

Thus {By}yen satisfies the conditions of Theorem 3.4 and so this theorem implies that the
set of all u € By satisfying (15) can only be a set of first category. Consequently, also the set
of all u € By for which ¢ = exp(u) satisfies (13) can only be of first category. So the statement
of the theorem is proved. N

4. Sampling-based approximation methods for calculating the outer function

In the theory of Hardy spaces, the so called inner—outer factorization plays a prominent role.
Since this factorization is very closely related to the spectral factorization, we can translate
Theorem 3.3 into a similar divergence result for the calculation of the outer function.

4.1. Outer functions and minimal phase systems

For 1 < p < oo, let f € HP(D) be arbitrary. Then there exists a so-called inner function
fi € H*®(D) with | f(¢)| = 1 for almost every ¢ € T and an outer function f, € HP(D) such
that f(z) = f;(z) f,(z) for z € . Therein, the outer function is given explicitly by

1 l‘L'
fo(z)=eXp(E/ log | £(e")| = R ) 2eD, (16)

and it satisfies f,(¢) = |f(¢)| for almost all { € T. The inner—outer factorization of f is
unique up to a unitary factor and (16) is well defined as long as f satisfies the Szeg6 condition
log|f] € L'(T) [17,29].

This factorization plays also a considerable important role in signal- and system theory [20,
33]. There it is applied for decomposing a causal linear system into a minimum phase part
(the outer function) and an allpass part (the inner function). As an application, we mention
the following standard filter design problem. Assume we want to design the transfer function
f(?) of a linear digital filter with a predefined amplitude response F(e'¥) = |f(e®)|. If
the filter should additionally be causal, then the solution to this problem can be written as
f(@) = fi(2)fo(z) with the outer function f,, given in (16), completely determined by the
predefined amplitude response F. The allpass part (the inner function) can then be chosen
arbitrary to influence other properties of the filter but without changing the prescribed amplitude
response of the filter. The outer-function of f is completely determined by the amplitude
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F)=1f@)|, ¢ € T and we will write

1 T . it
Fy(2) = exp (Z / log F(e') Zif i_i dr) , zeD, (17)

for the outer function associated with a given amplitude response F.
4.2. Divergence of sampling-based algorithms

Working on digital computers, the calculation of the outer function F, has to be based on
finitely many samples {F (;‘,,)},Ilv=l of the given amplitude response F, taken on a sampling
set Ty = {¢,}_, C T. Then we look for algorithms Ty which determine an approximation
Fy = Ty(F) of F,, based on the samples on Ty and such that Fy converges to F, as the
number N of available sampling points tends to infinity. As for the spectral factorization, we
ask whether there exist such sampling-based approximation methods {Ty} <y Which converge
for all positive continuous amplitude responses F of finite energy.

The outer function (16), respective (17), is well defined if log | f| = log F € L'(T), and this
condition is satisfied for all f € H”(D) with 1 < p < oo and in particular for all f € A(D)
(see, e.g., [17]). Nevertheless, as in the case of the spectral factorization, we make an even
stronger assumption on the predefined amplitude response F, namely that F is a spectral
density in the set 2, defined in (11). With the given amplitude response F' € Z,, we associate
the corresponding density ¢(¢) = F(¢)? = |f(§)|2 and it is not hard to see that ¢ € Z, if
and only if F € Z,. Then it follows from (2) and (16) that the outer function F,, which
corresponds to the given amplitude response F, is equal to the spectral factor of the associated
density ¢, i.e.

Fo(2) = ¢1(2) = (S$) @) = SF) ) = (S[IfI*]) @), zeD.

Thus the outer function can be calculated using any spectral factorization algorithm with
input ¢ = F? = |f|*. So we can take over the axiomatic framework for sampling-based
approximation methods from Definition 3.2 for approximation methods for the outer function.

Definition 4.1. A sequence {Ty}ycy of operators Ty : 2. — A(D) is said to be a
sampling-based approximation procedure for the outer function if every Ty can be written
as

Tn(F)=Sy(F?), NeN
with a sampling-based approximation procedure {Sy}ycy as given in Definition 3.2.

Then, it comes as little surprise that Theorem 3.3 holds almost literally for approximation
methods for the outer function.

Theorem 4.2. Let {Ty}yen be a sampling-based approximation method for the outer function
according Definition 4.1. Then there exists a residual set Ry C By such that for every
F = exp(u) with u € Ry, one has
limsup || Fy — Ty (F)|| 4y > 0 - (18)
N—oo
Thus for every sampling-based method {Ty}ycy for calculating the outer function there
always exist amplitude responses F € %, such that Ty(F) does not converge to the desired
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F,. Moreover, the corresponding divergence set Dy = {F € Z, : F satisfies (18)} is large in
the sense that log(Dy) is a residual set in . So there exists no sampling-based algorithm which
is able to calculate the outer function for all functions in the disk algebra A(ID). This statement
is even true for the subset of all those f € A(ID) for which the amplitude of its boundary
function F(¢) = | f(¢)], ¢ € T, belongs to Z,, i.e. for which F is continuous, strictly positive,
has finite energy, and for which f, is known to be continuous in ID. Even for these very nice
Hardy space functions, no sampling-based algorithm for calculating f, does exist.

It might be worth to notice that our assumptions on the boundary function F(¢) = | f(¢)l,
¢ € T, imply also certain restrictions on the inner function f; of f. Recall that any inner
function can be written as the product of a Blaschke product and of a singular function [17,
Chap. I1.6]. Since we assume that | f(¢)| > c¢g > O for all ¢ € T, and since f is analytic in D,
it follows that f can only have finitely many zeros in . So the Blaschke product associated
with f; is finite. Moreover, since F is assumed to be continuous, also f and f; are continuous
on T. However, since a singular function is not continuous, we see that the singular factor of
fi has to be equal to zero. So overall, the inner function is just a finite Blaschke product under
our assumptions on the boundary function of f.

5. Summary and discussion

Theorem 3.3 shows that there is no sampling-based approximation method {Sy}ycy Which
is able to calculate the spectral factor ¢ for all spectral densities ¢ in the set 2, of positive,
continuous densities of finite Dirichlet energy with a continuous spectral factor. Using the one-
to-one correspondence (10) between the set Z, and the Banach space By, it even follows that
the divergence set Dy = {qb € Dy limy_ |0+ — SN 4wy > O} is large in the sense that
log(Dy) is a residual set in By.

In the theory of Hardy spaces of the unit disk as well as in filter design problems in
engineering applications, the outer function plays a central role. It is given by a function on
the unit circle in a very similar way as the spectral factor is given be the spectral density.
Consequently, our main Theorem 3.3 could readily translated into a corresponding result for
calculating the outer function using sampling-based approximation algorithms. It turns out that
also for this problem there exists no sampling-based method which converges for all continuous
positive functions of finite Dirichlet energy.

Finally, we would like to note that the spectral factorization mapping poses quite a
number of further very interesting properties with consequences for practical applications. For
example, [12] investigated the Turing computability of the spectral factor ¢, for computable
continuous spectral densities ¢. Turing computability is of utmost importance for practical
applications, because only if the spectral factor ¢, is Turing computable, it can be calculated
numerically on digital hardware like computers, digital signal processors (DSP), or field-
programmable gate arrays (FPGAs). In [12] a particular strong result of the non Turing
computability of the spectral factorization was proved. In fact, [12] constructed a computable,
continuous, and strictly positive spectral density ¢ such that ¢, (1) is not a computable complex
number. In other words, there exists no Turing machine (i.e. an numerical algorithm on a
digital computer) which is able to compute the complex number ¢, (1). Nevertheless, (1)
implies that the spectral factor of any strictly positive, computable spectral density ¢ always
satisfies |¢..(e')| = |<1>(eig)|1/2 for all § € [—m, 7). Therefore [|¢4 || 4p) = ||¢||]C/£D is always a
computable number. However, ¢, cannot be effectively approximated in the A(D)-norm by
elementary computable functions (e.g. by computable sequences polynomials with rational
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coefficients). This implies that the spectral factorization is (to the best of our knowledge)
the first example of practical relevance showing that the First-Main Theorem of Pour-El and
Richards [34] for the computability of linear operators can generally not be extended to non-
linear operators. We refer also to the proof and discussion of [12, Theorem III.1] for more
details on the First-Main Theorem of Pour-El and Richards. It is also interesting to note that the
question of the (non-) Turing computability of spectral factors for spectral densities in the scale
of Sobolev spaces could be completely characterized (cf. [12, Theorem II1.4]). Unfortunately,
it turned out that the Sobolev space H'/?(T), which is of particular importance in practical
application, contains a large set of computable densities ¢ for which the spectral factor ¢ is
not computable.
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Appendix. Proofs of auxiliary lemmas

This appendix presents the proof of the important Lemma 3.1. Before that, we state two
auxiliary lemmas needed for proving Lemma 3.1 and we give a technical result (Lemma A.3)
needed in the proof of Theorem 3.3.

A.l. Auxiliary lemmas

The proof of Lemma 3.1 is based on a seminorm, defined for every f € D¢ by

1 T . )
1flla = \/ — / / L | fee+0) — f(em dodr (A1)
2 J_J . T
The following lemma shows that (A.1) is equivalent to the seminorm ||-||¢ defined in (5).

Lemma A.1. There exists a constant 0 < Ca < 1 such that

Calflle=lflla=lflle  forall feDc. (A2)

Proof. Let f € D¢ C'C(’H‘) be arbitrary with Fourier_ coefﬁcients {cn(f)},ez- Then for arbitrary
0,7 €T, we have f( @)= f(”) =, 5 calf)e [¢"" — 1] and Parseval’s theorem yields

2 ST P = f@]F 0 = 3y len(HP e = 1]

Dividing this equation by 2772 and integrating over T yields

2 21 1 int _q 21 - . 2

”f”A :Z"EZ |Cn(f)| Effn : T ‘ dT :Znezlcn(f)l Effn %‘ d‘L'
2
2 2 s
=D nez Inllea( ) (% f:l,j;i/z %(w)‘ dw) . (A3)
Moreover, the factor on the right hand side satisfies the inequalities
2 2 )

1 /2 |sin(w) 1 rnr/2 | sin(w) 1 oo |sin(w) _

CA'_F—n/z w deann/zT da)<;f,ooT do=1.

Inserting this lower and upper bound into (A.3) yields (A.2). W
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Also the following technically simple lemma is needed in the proof of Lemma 3.1 .

Lemma A.2. Let xy € (—1,0) be arbitrary, then
x|

1
[log(1 +x)| < — log| —— for all x > xq . (A4)
|xol 1+ xo

Proof. To simplify notation, we set {(x) := log(1 + x) for all x > —1. By the concavity of
Y, a Taylor series expansion of ¥ around x = 0 shows that

Y(x) =log(l +x) <x forall x > —1. (A.5)
Let xyp € (—1, 0) be arbitrary but fixed. Then (A.5) implies — log(1 + xo) = log 1+1x° > —xp =

|xo|, showing that |x—10| log ﬁ > 1. Combining this relation with (A.5), one obtains

Llog o = x > log(1+x)  forallx > —1. (A.6)

[xo]
If x > 0 then (A.6) yields immediately (A.4) because then |x| = x and [log(1 +x)| =
log(1 + x).
We still have to consider the case x € [xg, 0). Since ¥ is concave, we know that yr(txg) >
tY(xo) + (1 — ) (0) = tr(xp) for all ¢ € [0, 1]. Substitute x = tx( yields

log(1 +x) > £ log(1 + xo) for all x € [x, 0] . (A7)

Since x < 0, we have log(1 4+ x) = — |log(1 4 x)|, and because also xy < 0, Inequality (A.7)
yields
— |log(1 4+ x)| > —% log ﬁ for all x € [xg,0) .

Multiplying both sides with —1, yields (A.4). W

The following simple fact is needed in the proof of Theorem 3.3.

Lemma A3. Let g € A(D) be such that there exists a ¢y > 0 such that 1g(z)| > c¢o for all
z €D, and let {gn}yey C AD) be such that

Nli_I)noo lg — 8N||A(]D>) =0. (A.8)

Then limy, « [[log g —log gnll 4p) = 0.

Proof. We define for every N € N the function ¢y by ¢n(z) = gn(2)/g(z) for all z € D.
Since g(z) # 0 for all z € D, each gy belongs to A(D). Moreover, since |g(z) — gn(2)| =
gD 11 —on(2)] = co |l — pn(2)| for every z € D, assumption (A.8) implies

Jim 1= gwlapy = 0. (A.9)

So there exists an Ny € N such that for every N > N, always |1_— on(2)] < 1/2 is satisfied.
Therefore |pn(z)] < 1/2 for all N > Nj and for every z € DD. By the continuity of the
logarithm, we thus have log oy € A(D) for all N > Ny and so (A.9) implies

Nlilnoo llog ‘PN”A(]D)) = ngnoo llog gn — 10gg||A(D) =0,

which finishes the proof. W
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A.2. Proof of Lemma 3.1

We start by proving the first part of the lemma. To this end, let ¢ € & be arbitrary and let
co > 0 be the constant so that

d(¢) = co forall¢ eT. (A.10)

Since log is a continuous function, it follows that u € C(T) as long as ¢ is continuous and
strictly positive. We still have to prove that ||¢|lg < oo implies |lu||g < oo. This is done by
determine the seminorm | u|| 4, introduced in (A.1), and by applying Lemma A.1. To this end,

we consider for arbitrary 6, T € [—m, ) the expression |u(el(0+f)) u(e‘9)| = ‘1 ‘ﬁ(;'((:;;))
Since log is monotonically increasing, (A.10) implies
i(0+7)
I “© log <¢>(e—9)> < log (L[S ) (A.11)
lolloo ¢(e") Co
Combining both inequalities, we have thus
- i Pe*?) I#ll
u@ ) — u(e)| = |lo <— <lo x|
| = e Zoem * 76
Next, we notice that
i(0+7) i0+1)y _ i0
log <—¢(e = )> = log (1 + dee )9 ol )) > log <—C0 )
¢(e) P(e”) ol
— log (1 n %> (A.12)
lolloo

using the first inequality in (A.11) to obtain the right hand side. Now we set

o — 9l _ ) — p(e)
—_— = and X = = .

o7 [P I|¢>|IOo @)
By these definitions, it is clear that —1 < x¢ < 0 and (A.12) becomes log(1+x) > log(1+ xy),
showing that x > xg. With the so defined x and x;, Lemma A.2 implies for arbitrary
0,te[—m, )

Xo =

|u(@ @) — ue”)| = [log(1 + x)| < |L|10g (1 _: ) x|

_ Il <||¢||oo> N
l¢llee — o
¢(el(9+r)) ¢(610)
p(e?)
10g(”¢”°°) In view of (A.1), this last inequality implies

|¢( 1(9+T)) ¢(ei9)|

_olloo
= Téloo—co

certainly || fl 4 < ||¢||A and applying Lemma A.1 yields finally ||u|g <
that ||¢|lg < oo 1mp ies |jullg < oo.

To prove the second part of the lemma, we notice at the beginning that because exp is
a continuous function from R onto the set R, of non-negative real numbers, it is clear that
¢ € C(T) and that there exists ¢y > exp(— |u|l,,) > O so that (A.10) is satisfied. We still
have to show that ||u|lg < oo implies ||¢||g < co. This is done using the seminorm (A.1) and
Lemma A.l. Let 6, t € [—m, ) be arbitrary. Then

¢ — p(e”) = exp [u(e)] (exp [u(e ™) — u(e”)] — 1)

with the finite constant K, =

¢l showing

‘OCA
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and consequently
) — p(e)| < exp(llull) - [exp [u(e ™) — uEe”)] 1] . (A.13)

Next, we use the Taylor series expansion of the exp-function to derive an upper bound on the
last factor in (A.13). Together with the triangle inequality, we get

|exp[u(e @) —u@)] — 1] < 352, &ue@+?) — u(ei0)|k
— |u(ei(9+f)) _ u(ei0)| Z]fil %lu(ei(9+r)) _ u(eig)|k—l

|u(@ ) — u@®)| 2, (2 lulloo) !

|u(ei(9+r))_u(e

) oo i
e i (2 lull)
= [u(@ @) — u(e)| 2elule=1 (A.14)

2ulloo

IA

Inserting the last inequality into (A.13) gives

o) — ()| < Cw) [uE@ ) —uE®)|  forall 0,7 € [—m, )
with the positive constant C(u) := exp(|ju ||w)%. This inequality implies immediately
a corresponding inequality for the seminorms (A.1) of ¢ and u, and together with (A.2), we
get

Callgllg = liglla = Cw) llulla < Cu) llullg -
So if u € Dg, i.e. if |u|lg < 400 the last inequality implies ||¢|lg < +00,i.e. p € De. M
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