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Abstract

The generalized Prony method is a reconstruction technique for a large variety of sparse
signal models that can be represented as sparse expansions into eigenfunctions of a
linear operator A. However, this procedure requires the evaluation of higher powers of
the linear operator A that are often expensive to provide. In this paper we propose two
important extensions of the generalized Prony method that essentially simplify the
acquisition of the needed samples and, at the same time, can improve the numerical
stability of the method. The first extension regards the change of operators from A to
@ (A), where ¢ is a suitable operator-valued mapping, such that A and ¢ (A) possess the
same set of eigenfunctions. The goal is now to choose ¢ such that the powers of ¢ (A)
are much simpler to evaluate than the powers of A. The second extension concerns
the choice of the sampling functionals. We show how new sets of different sampling
functionals Fj can be applied with the goal being to reduce the needed number of
powers of the operator A (resp. ¢(A)) in the sampling scheme and to simplify the
acquisition process for the recovery method.
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1 Introduction

The recovery of signals which can be represented or approximated by finite expan-
sions into “signal atoms” is a task regularly encountered in a variety of fields such as
signal processing, biology, and engineering. These signal atoms have a fixed structure
and can be identified by a small number of real or complex parameters. Therefore,
sparse expansions into these signal atoms often permit an arbitrarily high resolution
in contrast to classical sampling schemes based on Hilbert space techniques. At the
same time these signal models frequently allow a better physical interpretation. The
most prominent and well-studied signal model of this kind is a sparse expansion into
complex exponentials, i.e.,

M M
f(x) :=chexp(zj)=chz)]‘-, (1.1
j=1

j=1

with pairwise different z; := exp(7;) and with parameters c¢; € C\{0} and 7} € C.
Using the classical Prony method, the parameters ¢; and z; can be computed from
the 2M equidistant samples f(£), £ =0,...,2M — 1, see e.g. [27] or [25], Chapter
10, and the references therein. Observe that, in order to extract 7 from z; in a unique
way, we need to restrict Im 7 to an interval of length 27t.

In practical applications we have to take special care of the numerical instabilities
that can occur using Prony’s method. There have been many attempts to provide
improved numerical algorithms, including the Pisarenko method [22], MUSIC [31],
ESPRIT [15], Matrix Pencil Methods [14], and the approximate Prony method [29].
Furthermore, to ensure the consistency in case of noisy measurements, modifications
of Prony’s method have been proposed, see e.g. [8,16,18,35]. The interest in Prony-
like methods has strongly increased during recent years, especially because of their
utilization for the recovery of signals of finite rate of innovation, see e.g. [7,12,33,
34]. In particular, the close connection between the exponential sum in (1.1) and the
expansion into shifted Diracs,

M
sty =) cjdt —1)) 1.2)

j=1

with ¢; € C\{0} and #; € R, is extensively used. Indeed the Fourier transform of
s(t) is of the form (1.1), where T; = it;, and thus s(¢) can be reconstructed from
only 2M of its Fourier samples, see also [21,28]. Moreover, Prony’s method and its
generalizations provide new approaches for nonlinear sparse approximation of smooth
functions, and there are close relations to optimal approximation of functions in Hardy
spaces [1,6,23,24].

An essential extension of the classical Prony method has been proposed in [19],
where the recovery of expansions into exponentials has been generalized to the recov-
ery of expansions into eigenfunctions of linear operators.

Let us assume that A : V — V is a linear operator on a normed vector space V,
and let 0 (A) be a subset of the point spectrum of A that contains pairwise different
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eigenvalues. Further, we consider the corresponding set of eigenfunctions v, of A such
that v, can be uniquely identified by A € o (A). In other words, the eigenspace to A is
fixed as a one-dimensional space. Then, the generalized Prony method in [19] allows
the reconstruction of expansions f of the form

M
f= Zq iy (1.3)
j=1

with ¢; € C\{0} and with pairwise distinct 1; € o(A). According to [19], the
eigenvalues A; belonging to the “active” eigenfunctions v,; and the coefficients
¢j, j =1,..., M can be uniquely recovered from the (complex) values F (A@ ),
£=0,...,2M — 1, where F : V — C is a functional that can be chosen arbitrarily
up to the condition Fv, # O for all L € o (A). The expansion into exponentials in
(1.1) can be seen as a special case of (1.3) if we take V = C(R), A = S} with the shift
operator given by S1 f := f(- + 1), and the point evaluation functional F'f := f(0).
Indeed, the exponentials exp(7;-) are eigenfunctions of Sj to the eigenvalues exp(7;)
which are pairwise different for 7; € R +i[—7t, 7). The needed samples F (At f) are
in this case of the form F(Aef) = F(Sff) =F(f(+0)=f).

There have been other attempts to generalize the idea of Prony’s method to different
expansions, including sparse polynomials [4], piecewise sinusoidal signals [5], and
sparse expansions into Legendre polynomials [20] or Chebyshev polynomials [30]
and into Lorentzians [2]. All these expansions can also be recovered directly using the
approach in [19]. An extension of the generalized Prony method to the multivariate
case based on Artinian Gorenstein algebras and the flat extension principle has been
given by Mourrain [17].

However, the generalized Prony method is not always simple to apply since it
requires the computation of higher powers of the operator A in order to achieve
the needed sample values F (A’ f) for the reconstruction procedure. While for shift
operators these samples are easy to acquire, the problem is much more delicate for
differential or integral operators of higher order. Indeed, the shift operator S, with
Stf := f(-+ 1), and its generalizations play a special role, since the power S& is
equivalent to S¢+, i.e., to a simple shift operator with shift length ¢t. Expansions into
eigenfunctions of generalized shift operators are therefore of special interest, since
they can be recovered just by suitable function samples, see [26].

In this paper, we reconsider the generalized Prony method in [19] in more detail and,
in particular, study two extensions that provide us more freedom in data acquisition
for the recovery of expansions of the form (1.3).

The first extension is based on the observation that for a given linear operator A there
is often a different linear operator B that possesses the same eigenfunctions to different
eigenvalues. For example, the exponential function exp(7 x) is an eigenfunction of the
shift operator S to the eigenvalue e, but at the same time also an eigenfunction
of the differential operator % to the eigenvalue 7. Thus, we need to understand how
this observation can help us to solve the signal recovery problem, and, in particular,
for a given linear operator A, how to find a different linear operator B with the same
eigenfunctions that may be easier to apply.
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The second extension directly aims at generalizing the sampling functional . While
it is appealing that the 2M parameters of the signal model in (1.1) and (1.3) can be
theoretically obtained from only 2M samples, in many applications we are faced with
a parameter identification problem, where a large number of noisy samples is given,
and we need to identify the parameters in a stable manner. Therefore, we go away
from sampling schemes that use a minimal number of sampling values being ordered
in matrices with Hankel structure. We will show that there is much more freedom
to choose a set of different sampling functionals F, where each sampling functional
leads to a linear equation providing one condition for the vector of coefficients of the
Prony polynomial. Our approach also covers previous ideas to identify the frequency
parameters 7 of the exponential sum in (1.1) using equispaced sampling sequences
with different sampling sizes simultaneously, see [9].

Our ideas to provide simple acquisition schemes to recover expansions into eigen-
functions of linear operators also open the way for new approaches for sparse nonlinear
approximation of (non-stationary) signals and images.

The paper is organized as follows. In Sect. 2 we reconsider the Prony method for
exponential sums. We first show how it can be understood as a method to recover a
sparse expansion into eigenfunctions of the shift operator S on the one hand and of
the differential operator % on the other hand. In Sect. 2.3 we employ an exponential

operator notation to show how the two operators St and % are related to each other.
Further, we introduce an idea, how the sampling scheme can be generalized using a
set of different sampling functionals Fy instead of F (A).

Section 3 is devoted to the new generalized operator based Prony method (GOP).
We start with recalling the generalized Prony method from [19] and transfer it into our
new notation. Sections 3.2 and 3.3 are concerned with the two new extensions, first
the change of operators from A to ¢(A), where ¢ is an analytic function, and second
the generalization of the sampling scheme. In particular, we introduce admissible sets
of sampling functionals Fj that allow a unique reconstruction of expansions of the
form (1.3). In Sect. 3.4 we give a detailed example, where GOP is applied to sparse
cosine expansions.

In Sect. 4, we discuss the application of GOP for the recovery of eigenfunctions
of differential operators. We show that special linear differential operators of first and
second order lead by a transfer from the operator A to ¢ (A) (with an exponential map
@) to generalized shift operators whose powers can be simply evaluated in sampling
schemes.

Section 5 is devoted to a further investigation of the second extension, the gen-
eralized sampling. We embed the functions f in (1.3) into a suitable Hilbert space
and employ a dual approach for the sampling scheme. Then our sampling functionals
Fy : V — C can be written as inner products with special kernels ¢ as Riesz rep-
resenters, i.e., Fy(f) = (f, ¢r). Therefore the application of Fj to powers At f or
(¢(A)) f to obtain the required sampling values can be rewritten by applying powers
of the adjoint operator A* to the kernel ¢. In this way, we are able to find admissible
sampling schemes for the recovery of expansions into eigenfunctions of differential
operators in terms of moments. We demonstrate the principle for the recovery of expo-
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nential sums and for the recovery of sparse Legendre expansions using only moments
of f.

The considerations in this paper provide the starting point for further studies that
focus on the improvement of the numerical stability of the generalized Prony method.
But this problem is beyond the scope of this paper and will be the further investigated.

2 An Introductory Example: Revisiting Prony’s Method Using Shift
and Differential Operators

2.1 Prony’s Method Based on the Shift Operator

The classical Prony method is a way to reconstruct the parameters c; € C\{0}, 7; € C,

j=1,..., M, of the weighted sum of exponentials
M
f) =) "cj exp(T;x). @2.1)
j=1
Using equidistant sample values f(k),k =0, ...,2M — 1, exact recovery is possible

if T; € R+i[—m, m), see e.g. [27]. Usually, we assume that there is an a priori known
bound C such that Im7; € [-Cm, C7r), and the parameters 7 can still be recovered
using a rescaling argument and taking sampling values f(kh) with h < 1/C instead
of h = 1. With

M
M = ch eli* . M < 00,¢j € C\[0}, T; e R+i[—Cm, Cm),Vj #i:T; #Ti,
j=1

we denote the model class of all finite linear combinations of complex exponentials
that can be recovered by Prony’s method.

Recalling the ideas in [19,26], we can reinterpret and generalize the method using
a shift operator. The exponential sum in (2.1) can be understood as an expansion into
M eigenfunctions of the shift operator S : C(R) — C(R) for some T # 0 with
St f(x) := f(x 4+ 1). More precisely, we observe that

(S<exp(Tj-))(x) = exp(T; (x + 1)) = exp(T;7) exp(T;x);

i.e., the exponentials exp(T;x) occurring in (2.1) are eigenfunctions of St to the
eigenvalues exp(7;T). This implies

(St —exp(T;1)1) exp(T;-) =0,
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where I denotes the identity operator. We define the Prony polynomial

M
P(z) = Px(2) := | [ (z = exp(T;D))
j=1

with the monomial representation
M M—1
P@) =) piz ="+ pi
£=0 =0
and observe for f in (2.1) that

M M M
P(S0)f =Y peSef =) piSey cjexp(T;)

=0 =0 j=1
M M

= _cj exp(T}) (Z pe exp(T,Te)>
Jj=1 =0

M
= ch exp(T;-) P(exp(T;1)) = 0.
j=1
Thus, f solves the difference equation P(St) f = 0. In particular, we also have

M
SEPSOf=PE)Skf =) psSihf=0 kel
=0

We fix an arbitrary value xp € R and employ the point evaluation functional Fy, with
Fy, f := f(x0) to compute the samples FxOS,krf = f(xo+7k),k=0,...,2M — 1.
Then we obtain the homogeneous equation system

M

Fo(SEP(SOf) =) pefro+Tk+0) =0, k=0.....M—1, (22)
=0

for the vector p = (po, ..., pm)! of coefficients of P(z). For f € M and fixed
T < C~! the arising coefficient matrix ( f (xo + T(k + Z))),?/[:B}éfo € CMXM+1 jg of
Hankel structure and has full rank M, see [19,27]. Thus, p is uniquely defined with
pu = 1, and we can extract the zeros exp(T;T) of the polynomial P(z) and compute
T;, j = 1,..., M. Finally, the vector of coefficients ¢ = (cj);!”:1 in (2.1) can be
computed as a least squares solution of the Vandermonde system

Vourme = (S5 fo)iM ! = (f (xo + th)) !
2M—-1,M

with Vaur ar := (exp(Tj(xo + Tk))k=0’j=1 .
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2.2 Prony’s Method Based on the Differential Operator
We now present a different viewpoint and interpret f(x) in (2.1) as the solution of a

linear ordinary differential equation of order M. In fact, the functions exp(7jx) are
also eigenfunctions of the first derivative operator = : C®(R) - C*®(R); i.e.,

d
(a exp(Tjo) (x) = Tj exp(T;x),

and thus
d

forall T; € C, where I denotes the identity operator. We can now proceed as before, by
replacing the shift operator with the differential operator. Employing the eigenvalues
T;, we define the characteristic polynomial

M M M—1
P(z) := H(z -T)) = Zﬁezg =M4 Z pe b
j=1 (=0 =0

We apply the corresponding linear differential operator P (%) of order M to the
function f in (2.1) and find

(8- (B

M
Z T exp(T; )_Zc] exp(T; )<ZpgT£)

j=1 £=0

ME gglﬂa i :]3

¢j exp(Tj) P(T}) = 0;

.
I

i.e., fin (2.1) solves the homogeneous differential equation P (%) f = 0. We par-
ticularly observe that

dk* d ®) _
s (ae) =7 (a) =0

for all k € N, where f &) denotes the k-th derivative of f. As before, we can exploit
this observation in order to reconstruct the parameters ¢; and 7j, j = 1, ..., M, that
identify f. We fix a value xo € R and apply the point evaluation functional Fy, with
Fy, f = f(x0) to obtain the equations
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dt -/ d ~(d ®) N (k+0)
Fol g P (50 ) F) =Fo (P55 ) f =gpzf (x0) =0, (2.3)

fork = 0,..., M — 1. This homogeneous linear equation system yields the vector
P = (po,..., pu)of coefﬁcients of the Prony polynomial P(z). Also here, the arising
Hankel matrix (f**+9 (x0))p, Py LM has full rank M, such that p is uniquely defined
with py = 1, see [19]. In turn we find the zeros T, j = 1, ..., M, of P(z). Now the
coefficients ¢; can be obtained by solving the overdetermined linear system

M
X:CJ-T;c exp(zjo)=f(k)(xO), k=0,...,2M — 1.
j=1

2.3 Generalization 1: Switch Between Operators with the Same Eigenfunctions

An essential difference between the two approaches is that the required input values
have completely different structure. Instead of the derivative values f*® (xq) for some
xo € Randk =0,...,2M — 1 for %, we just need to provide the function values
f(xo+kT1),k=0,...,2M — 1 for S.

The second essential difference regards the condition of the matrices involved in
the method. For we have to find the zero eigenvector of the Hankel matrix H =

(U0 (XO))JICVIZO,IEA:/IO CM*M+1_ Using the structure of f(x) in (2.1), H has the
factorization

H = Vi y diag(cy, . .., cy) diag(exp(Tixo). . .., exp(Tnrx0)) Vi o
. LG _ rNM—1,M ¢
with the Vandermonde matrices Vy p = (T )o— —0.j=1 and VM+1 M= (T )z ()j I
In contrast, for S+ we have instead to solve the eigenvalue problem with the Hankel

matrix H = (f (xo + t(k + E))),iw OIZMO with the factorization

H = Vy y diag(cy, . .., cy) diag(exp(T1x0), - . ., exp(Tpxo)) V,EJFLM,

where Vi p = (exp(T); TE))Q/IBIJ’MI and V1, = (exp(T; TZ))EVI’S/[] |- Depending
on the range of the parameters 7; the occurring Vandermonde matrices can have
completely different condition numbers Ife.g. Tj = iIm T}, then the knots exp(7;T)
determining Vs » lie on the unit circle while the 7; determining VM, um lie on the
imaginary axis.

We are therefore interested in understanding the connection between the two meth-
ods to recover (2.1). Both approaches work, since the exponentials exp(7;x) are
eigenfunctions to the two different operators S+ and ~- But the correspondlng spectra
are different. While the eigenvalues with regard to the differential operator dx are of
the form 77, for the shift operator St the eigenvalues are exp(7;T). Obviously, the

(0.¢]
spectra are connected by the map exp(t-) : A — exp(A1). Withexpz = > 7{—]: we
s
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indeed have

exp <’Ta) exp(Tx) = Z T dik exp(Tx) ,{2_(:) 0 T" exp(Tx)
= exp(TT) exp(Tx) = St exp(Tx) 2.4)

forall T € C, and in turn for any analytic function f € M

d
exp (Ta> J) = f(T+x) = (S fHx),

see [11]. Thus using the analytic function exp(T-), we can map from the differential
operator to the shift operator S+, thereby staying with the same eigenfunctions but
changing the eigenvalues. This observation is summarized in the following Theorem.

Theorem 2.1 Let % : CY(R) — C(R) be the first derivative operator. Then, each
T € C is an eigenvalue of %. For some C > 0O let Ac .= R+ i[—Cm, Cm) be a
given subset of C, and let ¢ (x) = exp(1x) with T < C~'. Then @ is well-defined
on C and

(i -T I) exp(Tx) =0
dx

implies
. (;) exp(Tx) — o (T Iexp(Tx) = (St —exp(tT) ) exp(Tx) =0,
X

where S is the shift operator as before. Furthermore, the map ¢ : T — exp(tT) is
injective on Ac.
Proof Obviously, di exp(Tx) =T exp(Tx) forall T € C.Forall T € Ac the value

¢ (T) = exp(tT) is well-defined, and ¢ (T1) = @ (T3) yields T} = T» + = 2”’“
k €Z,ie., Ty =T, for Ty, T» € Ac. The remaining assertions follow from (2. 4)
m}

Theorem 2.1 has strong implications on the reconstruction of f(x) in (2.1) using
Prony’s method. We can replace the operator g by the operator S+ in order to recon-
struct f in (2.1), as we have seen in the prev1ous two subsections.

2.4 Generalization 2: Changing the Sampling Scheme

In the two previous examples in Sects. 2.1 and 2.2 we have applied the point evaluation
functional F, with some xp € R and used the samples

dk
Fo(SX f) = fxo +kT) and Fy, (@f) = O, k=0,....,2M —1,
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respectively, to recover f € M. According to [19], we can, however, use any other
linear functional F : C°® — C with the only restriction that F' applied to the eigen-
functions exp(T x) should be well-defined and nonzero for all T in the parameter range
we are interested in. We can, for example, take

Ff:/ f(x) K(x)dx
Q

with some 2 C R and some rather arbitrary kernel function K (x) such that Ff is
well defined and fQ exp(Tx) K(x)dx # O for all T € C. Thus, the choice of F
gives us already some freedom to choose the sampling scheme. Taking, e.g., K (x) =
Z,L:_ 1 wr0(x — rT) with the delta distribution & and some positive weights w,, or
just K(x) := x[-1/2,1/2)(x), we arrive at smoothed sampling values

L 12
FS5H) = 3w f(k+71) or F(Skf) = F(x 4 h) dx
r=—L —1/2

instead of f(xo + tk) fork =0,...,2M — 1.

We can now generalize the sampling scheme even further if we allow ourselves
to employ more than the minimal number of 2M input data. We inspect again the
equations

Fo(SEP(S0)f) =0, k=0,...,M—1,

that lead in (2.2) to the Hankel system determining the coefficient vector p of the Prony
polynomial P(z). We already have P(S+)f = 0, and the application of S’fr does not
change the right-hand side of the equation. Therefore, foreachk =0, ..., M — 1, we
can replace Fy, S,kr by a new linear functional Fj to obtain the M equations to recover
p.- We only need to make sure that the obtained M equations are linearly independent.

For example, we could take Fy = Fy, Sg with a parameter 6 ¢ {0, T} and obtain
an equation system

M
Fuo(S§ P(SOf) =)  pefxo+kO0+€1) =0, k=0,....M—1.
=0

The arising coefficient matrix ( f (xo+k6 +ET))]1€V[=?)1éA=40 does not have Hankel structure

but may possess a better condition than ( f (xo+ (k +6)T))1]:1=51é140- Taking,e.g.,0 = 271
we need the 3M — 1 sample values f(xo + T(2k + £)) to recover f in (2.1).
Considering the method in Sect. 2.2, we can also replace the functionals Fy, % in

(2.3) by other linear functionals Fj. Taking, for example, Fy = F)y, S,’§ then we obtain
the system

M
. /d
Fy, (SiP (—) f) =Y pefPo+Th) =0, k=0,....M—1.

dx
=0
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Here, we now need the input data f(e)(xo +k1),k=0,....M—1,¢=0,..., M,
using only derivatives up to order M and its equidistant shifts. In Sect. 3.3 and in Sect. 5
we will investigate such generalized sampling schemes in more detail and particularly
show that the examples above provide sampling matrices of full rank M, such that f
in (2.1) can be uniquely reconstructed.

Remark 2.2 1. Special generalized sampling schemes for the shift operator and the
differential operator have also been proposed by Seelamantula [32], but without con-
sidering the relations between these operators. However, a rigorous investigation of
rank properties of the involved matrices has not been given in [32]. The representation
of Prony’s method as an approach to reconstruct expansions into eigenfunctions of
linear operators has been given already in [19].

2. For the special case of recovery of expansions into shifted Diracs in (1.2), it has
been extensively studied how to retrieve the needed Fourier samples from low-pass
projections with suitable sampling kernels, see e.g. [2,5,7,12,33,34].

3 Generalized Operator Based Prony Method

We want to study the two new observations considered for the special operators %
and St in Sects. 2.3 and 2.4 in a more general setting. We will call the new method
Generalized Operator based Prony Method (GOP). For that purpose, we start with
recalling the generalized Prony method from [19].

3.1 Generalized Prony Method

Let V be a normed vector space over C and let A : V — V be a linear operator.
Assume that A possesses a non-empty point spectrum op(A) and let 0 (A) C op(A)
be a (sub)set with pairwise different eigenvalues of A. We assume further that there is
a corresponding set of eigenfunctions, i.e., for each A € o (A) we have a v, € V with
A v, = Avy, and the mapping A +— v, is injective. In other words, the eigenspace
to A is one-dimensional, or, if this is not the case, we have to determine one relevant
eigenfunction v, corresponding to A in advance, which may occur in the expansion
that we want to recover. Throughout the paper, we will assume that the considered
eigenfunctions v, are normalized, i.e., ||vy|ly = 1.

We want to reconstruct M -sparse expansions into eigenfunctions of A of the form

M
f=) cju, 3.1)
j=1
where A; € 0(A) and where we always assume ¢; € C\{0} for j = 1,..., M. The

considered set of possible expansions is given as

M
MA)i=1f=) cjv, 1 M <00, cjeC\(0}, j €0(A). ) # hforj #kt.
j=1

(3.2)
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The generalized Prony method in [19] provides an algorithm to recover f using only
2M complex measurements. For that purpose, a linear functional F : V — C is
introduced that satisfies F'(v;) # O for all A € o (A).

Theorem 3.1 (Generalized Prony method [19]). With the assumptions above, the
expansion (3.1) of eigenfunctions vy ; of the linear operator A can be uniquely recon-

structed from the values F(Akf), k=0,...,2M — 1.

Proof We give an outline of the proof in [19] with our notation. Observe that f is com-
pletely reconstructed if we recover the subset A ¢ := {A1, ..., Ay} C o (A) of “active
eigenvalues” and the complex coefficients ¢j, j = 1, ..., M. The eigenfunctions vy
are then uniquely determined by A ;.

Let P(z) = ]_[?/1: Wz —Aj) = ZQ/IZO pe z¢ be the Prony polynomial determined
by the set of M pairwise different (unknown) active eigenvalues A; € Ay, and p =
(pos---» PM—1, pM)T with py; = 1 denotes the vector of its monomial coefficients.
Then we obtain by (3.1)

M M M
P(Af) = H(A—Akl)f =ch (A= D)vs, =0, (3.3)
k=1 j=1 k=l

and therefore
M M
F(A*PA) f)=F (Ak (Z pe AH)) =Y peFA™ =0 (4
£=0 £=0

for all k € N. Taking M equations for k = 0,..., M — 1, is already sufficient to
recover the coefficient vector p, since the matrix

M—-1,M

(F(Ae+k f))

k=0,£=0

has full rank M. This can be seen from the factorization

M—1.M M—1,M
roatk M _ | g AE+kM (& o (At
¢ f))kzo,e:o_ Zciv'\.f = ZC; iy
=l k=0,6=0  \J=! k=0,6=0
M
M—1,M
= - F . }\‘ZA-H()
(ZC} (UA,) j k0,020
j=I
= Va,mmdiag (c; Fou) L VA yirm (3.5)

with the Vandermonde matrices

o k\M—1,M (kMM
VA/',M,M = ()\j)kzo,j=l’ VAf,MJrl,M = ()\'j)kzo’jzl
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having full rank M. Thus, we can first compute p as the right eigenvector of
(F(AYfkf )),1:/[= _o,léi[o to the eigenvalue 0 with normalization py; = 1, determine P (z),

then extract the zeros A of P(z) to recover A;, j = 1,..., M, and finally compute
the coefficients ¢j, j = 1, ..., M, by solving an overdetermined linear system of the
form

M
FAf) =Y ciak Fu), k=0.....2M 1.
j=1

m}

Remark 3.2 As shown in [19] and [26], many expansions fit into the scheme of Theo-
rem 3.1. In Sect. 2 we have used A to be the shift operator or the differential operator.
Other examples in [19] and [26] include the dilation operator, generalized shift oper-
ators, as well as the Sturm-Liouville differential operator of second order.

3.2 Generalization 1: Change of Operators

The actions A¥ f needed for the generalized Prony method to recover f € M(A) in
(3.2) may be very expensive to acquire. Therefore we can try to replace the operator
A by a different operator with the same eigenfunctions v, such that the powers of this
new operator are simpler to realize. We start with the following definition.

Definition 3.3 (Iteration Operator). Let A : V — V be a linear operator, and let
o (A) # ¥ be asubset of the point spectrum o p (A) with pairwise different eigenvalues
and with corresponding normalized eigenfunctions v such that the map A — v is
injective for A € o (A). Further, let ¢ : 0(A) — C be an injective function. We call
@ = &, an iteration operator for A if @ : M(A) — M(A) is a well-defined linear
operator and @ vy = ¢(A) vy forall A € o (A).

The injectivity of ¢ in Definition 3.3 implies that the values ¢()X) are pairwise
different for all . € o (A). In particular, we can show that for analytic functions ¢ the
operator @ = ¢(A) is an iteration operator.

Theorem 3.4 Let A : V — V be a linear operator, and let o (A) # O be a subset of
the point spectrum o p (A) with pairwise different eigenvalues and with corresponding
eigenfunctions vy, such that the map A +— v, _is injective for . € o (A). Let¢ : 6 (A) —
C be an analytic, injective function. Then ¢(A) is an iteration operator, i.e., it is a
well-defined linear operator on M(A) and

(A ol I)\.) V) = 0
implies
(p(A) =) 1) v, = 0.

This means, if v, is an eigenfunction of A corresponding to the eigenvalue A, then v,
is also an eigenfunction of (A) corresponding to the eigenvalue ¢(A).
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Proof Since ¢ is assumed to be analytic on o (A), it follows that its power series
p(2) = ZZ‘;O ap 7" converges for z € o(A). Thus, Av, = Av, implies for all
rea(A)

00 N
(A v, = Zoan Alvy = ]Jgnmz()anx”vx = ¢() va.
n= n=»

Further, the injectivity of ¢ implies that the eigenvalues ¢ (L), A € o (A), are pairwise
distinct. Thus, ¢(A) is well-defined on M(A) and satisfies all assumptions of an
iteration operator. O

Example 3.5 1. One example has been already seen in Sect. 2. We can take V =
C*®MR), A = % with op(A) = C according to Theorem 2.1. Further, let 0 (A) =
R+i[—Cm, Cm) C op(A). Then, ¢(z) := exp(tz) with 0 < T < 1/C is injective
on o (A), and we obtain the iteration operator ¢ (A) = St on M(A).

2. We take ¢(z) = z land o (A) € op (A)\{0}. Then p(A) = A~ is well-defined

on M(A) and

1
Avy = A, = A_IUAZXUA.

For example, A = S; with T # 0 yields A~! = S_.. The dilation operator D, :
CR) - C(R) with D, f(x) := f(ax),a # 0 and |a| # 1, yields D;lf(x) =
fGx).

3. Consider the operator A on C*°(R) given by

df /
Af(x) = x () =x f1(x)
X

with eigenfunctions x? for p € R to the eigenvalues p € R. We use ¢(z) = exp(Tz2)
with T € R\{0} and obtain for each polynomial x" that

d 2ot /o d\* >
exp <Tx a) x™ = ZF (x a) x™ :szexm =e™x" = (e"x)",

{=0

see also [10]. Thus, ¢ (A) is here the dilation operator Dexp(). The injectivity condition
for ¢(z) is satisfied since exp(Tp) is strictly monotone as a function in p. O

What does a change from A to ¢ (A) mean for the reconstruction scheme to recover
an expansion f in (3.1)? Using the operator A and a functional F, Theorem 3.1
implies that we need (at least) the sample values F (A¥f),k=0,...,2M — 1 for the
recovery of f.Changing from A to ¢(A), we observe that all assumptions required in
Theorem 3.1 also hold for ¢ (A), and we can now reconstruct f in (3.1) from samples
F(p(A)Xf), k=0,...,2M — 1, thereby employing the new Prony polynomial
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M M
Py(z) = l_[ (z—9®)) = Zp( .
j=1 =0

Taking a suitable ¢ may have two advantages. First, the samples F(@(A)Xf),
k=0,...,2M — 1, may be much simpler to acquire. In Sects. 3.5 and 4, we will
present many examples, where a change from linear differential operators A to gener-
alized shift operators ¢(A) leads to new recovery schemes for the expansions in (3.1)
employing just function values of f instead of high order derivative values.

Second, the numerical scheme to recover f can be essentially stabilized. The main
reason for that is the change of eigenvalues from A € Ay to ¢(A) € ¢(Ay). The
eigenvalues play an important role for the matrices involved in the Prony algorithms.
Compared with the generalized Prony method, we get now instead of (3.5) the Hankel
matrix factorization

NGL M-1.M _ : M T
(Fe™ D), = Votap.ma diag (e F@ )11 Vi, wer u
with the Vandermonde matrices
. kM—1,M ) M. M
Voap.mm = (@A) )k=0,j=]’ Vo, m+1,m = (X)) )kzo,jzl
to recover the coefficient vector p = (po, ..., py)T of the Prony polynomial Py.

3.3 Generalization 2: Change the Sampling Scheme

As we have seen in Theorems 3.1 and 3.4, the expansion f = Z;W: 1 Cj Vs into

eigenfunctions of the operator A can be recovered using either the samples F (A f)
or the samples F(p(A)¥f)fork =0,...,2M — 1, where F : V — C is a linear
functional satisfying F'(vy) # O for all A € o(A). Having a closer look at the Eqgs.
(3.3) and (3.4) we observe however that already P(A) f = 0, such that F A¥ can be
replaced by different functionals.

Definition 3.6 (Sampling Functionals). Let A : V — V be a linear operator and let
o (A) be a fixed subset of pairwise different eigenvalues of A. Further, let

Voa)y ' =1{vn: Avy =2dv, A€o (A), llually =1}

be the corresponding set of eigenfunctions such that the mapping A — v;, is injective
on o (A). Then {Fi}1," with

F,: V- C, k=0,...,.M—1,

forms an admissible set of sampling functionals for A if for all finite subsets Ay C
o (A) with cardinality M < oo the matrix

(Fe)iohen,,

has full rank M.
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If the set of functionals { F}} ,1(”: 61 is admissible for a linear operator A, then it is also
admissible for any iteration operator ¢(A), since the eigenvectors v, do not change.
Then we obtain

Theorem 3.7 Assume that {Fk};{w:?)l forms an admissible set of sampling functionals
for the linear operator A : V. — V according to Definition 3.6. Let f € M(A) be a
linear expansion into eigenfunctions of A as in (3.1). Then the sampling matrix

M—1.M
i c (CMX(M-H)

(Fea’n)

=0,£=

possesses rank M and is called an admissible sampling matrix for f. Further, if
@ = @(A) is an iteration operator of A as given in Theorem 3.4, then also

M—-1,M
Fo (ot ) c CM*xM+1)
( K@) k=0,¢=0

possesses rank M and is therefore an admissible sampling matrix.

Proof We show the second equation for @ = ¢(A), where ¢ is an injective analytic
function on o (A). Then the first equation follows by taking ¢(z) = z. We find

(Fern) "
k
k=0,¢=0
" M—1,M " M—1,M
= | Fe(pa)* > cjv) = [ et Frs))
j=1 k=0,6=0 j=l k=0,¢=0

M,.M

M-1,M . \M A\
(Few )52 diag epy (00)) -
All three matrices in this factorization have full rank M by assumption, and the asser-
tion follows. In particular, the last matrix is a Vandermonde matrix generated by M
pairwise distinct values ¢(4;), j =1,..., M. O

Example 3.8 Comparison with formula (3.4) yields that Fy, = F Ak k=0,.... M—1,
is always an admissible set of sampling functionals, since the proof of Theorem 3.1
shows that (F(Ak+ef)),i\/1=?)}éf0 has full rank M for each f in M(A). m]

Further, we have

Lemma3.9 Let A : V — V be a linear operator, and let 0 (A) # O be a subset of
the point spectrum o p (A) with pairwise different eigenvalues and with corresponding
eigenfunctions v), such that the map A — vy is injective for A € o (A). Let ¥ be an
analytic injective function on o (A). Assume that F : V. — C is a linear functional
with Fuv, # 0 for all » € o(A). Then {F )" := {F (W (AWM, is an admissible
set of sampling functionals and the matrix

@ Springer



Constructive Approximation (2020) 52:247-282 263

(Fe(AY )bl = (Fapal At )L e o]
is an admissible sampling matrix for each f € M(A).

Proof From I/J(A)k vy = 1//()»)]‘ vy, it follows that

Fr(vy) = F (A  v) = v W F(up)

is bounded and nonzero by assumption. Further, for f € M(A),

u M—-1,M
(Fararatp) " = [F vt at Y,
k=0,¢=0 )
j=l k=0,¢=0
" M—1,M
=|F ch Y A v,
j=1 k=0,¢=0
= Vyap.m.m diag ((cj F(ua )L, Vﬁf,M-H,M
. _ o yM—1.M —
with Ay = {1, ..., Au} Vyapmm = (W) =y and Vay mim =
(Aﬁ.)?/lz’([y =1 These two Vandermonde matrices have full rank M since the A; € Ay
are pairwise different and v is injective on A y with y(A;) #0fori; € Ay. O

3.4 Generalized Operator Based Prony Method (GOP)

The following theorem summarizes the central statement of the generalized operator-
based Prony method (GOP) and the corresponding proof results in an algorithm to
solve the reconstruction problem for f € M(A) in (3.2).

Theorem 3.10 (Generalized Operator based Prony Method). Let A : V. — V be a
linear operator on the normed vector space V over C, and let o (A) be a subset of
pairwise different eigenvalues of A. Let ® = ¢(A) be an iteration operator of A as
given in Definition 3.3. Assume that the set { F}, },]:/IZBI is an admissible set of sampling
functionals according to Definition 3.6. Then each f € M(A) can be completely
recovered from the complex samples Fk(go(A)Kf), k=0,....M—1,£=0,..., M.

Proof Torecover f = Zyzl cjv; € M(A), weonly have to determine the set Ay =
{A1, ..., Am} of “active eigenvalues” and the corresponding coefficients c¢; € C\{0},
j=1,..., M, since the map A — v, is assumed to be injective. Further, since ¢ is
also injective on o (A), we can determine the set o(Ay) = {p(X;) : j=1,..., M}
instead of A ¢ by Theorem 3.4.

Now let

M

M
Py =] (z—0e0p) =) pez*
=0

j=1
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be the Prony polynomial determined by the unknown pairwise different active eigen-
values @(A;) of p(A) for A; € Ay, where p = (po, ..., pm—1, pm)’ with pyr = 1
denotes the vector of coefficients in the monomial representation of P, (z). Then

M
Pop(ANf =[] (0(A) =) D) f

=

k=1
M

= ¢; [JwA) = mDyvy; =0,
j=1

k

1

and therefore,

M M
Fi(Py(p(A) ) = Fi (Z pe go(A)‘f) =) peF@@A) [)=0,k=0,....M—1.

=0 =0

Thus, we obtain a homogeneous linear system to compute p, where, by Theorem 3.7
(with A replaced by ¢(A)), the coefficient matrix is the admissible sampling matrix
(Fe(p(A) ) 5] M e CMXM+ with full rank M. Hence, p is uniquely determined
by this system using the normalization py; = 1. We can now extract the zeros ¢ (4 ),
Jj=1,...,M,and thus Ay = {Ay, ..., Ay }. Finally, we compute the coefficients c;
as solutions of the linear system

M
Fi(@A)' f) =Y cip0 ) Frw,), €=0..... M, (3.6)
j=1

where the coefficient matrix is of full rank, since Fj (v,\j) # 0 and the arising

Vandermonde matrix ((¢(A j))e)g/[:’gf[ =1 has full rank M since the values @(A;),
j=1,..., M, are pairwise different. O

The proof of Theorem 3.10 is constructive and leads to the following algorithm for
the recovery of f € M(A). We assume here that we have an iteration operator ¢(A)
and a given set of admissible sampling functionals Fj such that the sampling matrix
(Fy ((p(A)ef)),/C‘/]:_()}l;fo € CM*M+1 for the operator ¢(A) has full rank M.

Algorithm 3.11 (GOP).
Input: Fj ((p(A)lf),é =0,....M,k=0,...,M — 1, where f € M(A).

e Compute the kernel vector p = (po, ..., pm—1, pm)T with py; = 1 of the matrix
(Flp(A)t gy e cMxtt,

o Compute the M zeros ¢(X;), j = 1,..., M, of the Prony polynomial P,(z) =
ZQ/I:O pezt and identify the active eigenfunctions v, ; by ¢(A) vy, = ¢(A;) v;;.
Compute A; from ¢(A;) to obtain Ay = {A1, ..., Ay}

e Compute c; by solving the system in (3.6).
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M
Output: Parameters A andcj, j =1, ..., M such that f = > Cj Uy
j=1

Remark 3.12 1. The generalized Prony method in [19] is a special case of GOP if we
take (z) = zand Fy = F A¥ for some suitable functional F. In this case the sampling
matrix has Hankel structure and we need only 2M input values.

2.If wechoose Fy = F(y(A)F-) for some analytic function  asin Lemma 3.9, then
the sampling matrix can be taken in the form (F (y (A)* ¢(A) f)),]:l oleo € CMxM+1
where as in Lemma 3.9, we have replaced the powers of A by powers of ¢(A). This
sampling matrix is also admissible, and the proof can be performed as for Lemma 3.9.

3. GOP can be also generalized to operators with eigenvalues of higher geometric
multiplicity, similar to the generalized Prony method, [19]. This approach leads to a
Prony polynomial with zeros of higher multiplicity. We also refer to [3,17]. In this
paper we restrict ourselves to the case where the correspondence between A and ¢ ()
and v, respectively, is bijective.

3.5 Application of GOP to Cosine Expansions

In this section, we want to explain the ideas of GOP in a simple example.
Consider the expansion

M
fx) =) c;j cos(ajx), (3.7)

j=1

where we want to recover the 2M parameters «; € [0, C) C R and ¢; € C\{0},

j=1,..., M. We observe that A := —C&—zz is an operator on C*°(R) such that all
functions cos(ax) are eigenfunctions of A with

Acos(a-) = o? cos(a-).

Using the generalized Prony method in Theorem 3.1, we can therefore reconstruct f in
(3.7) using the samples F (A% f) = (=1D)* F(f®9),k =0,...,2M — 1, where X
denotes the 2k-th derivative of f. Here, the sampling functional F : C*°(R) — C
needs to satisfy F(cos(a-)) # 0 for all all @ € [0, C).

Taking, e.g., the point evaluation functional F f = f(0), we need the measurements
f (k) (0),k=0,...,2M — 1. These measurements are usually difficult to provide, it
would be much better to use just function values of f.

We want to apply now GOP in Theorem 3.10 to reconstruct f in (3.7) in a different
way. We employ the analytic function ¢(z) of the form

2n n

¢(2) = Z(— e G
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i.e., 9(z%) = cos(Tz), and observe that the application of ¢ (A) to monomial functions
x™ gives

2n d2 n "
P(A) x" Z( (2’1), (—@) x
— Z <2n>T2n xm—Zn

0<2n<m
1
-5, 2 () 2 (e
0<n’<m 0<n'<m

1 m m 1 m
5((x+T) +@x =" = 7S+ S0 x

with the shift operator St given by St f = f(- + T). Thus we have

1
p(A) = E(ST + S50

and by Theorem 3.4 it follows that

1 1
@(A) cos(a-) = E(ST + S_+) cos(a-) = E(COS(OZ(' + 1)) 4+ cos(x (- — 71)))
= cos(aT) cos(a-);

i.e., the eigenvalues o of A = dd > are transferred to cos(Te). We can still identify

o € [0, C) uniquely from cos(te) if T < g

In order to apply GOP, we also need to fix an admissible sampling matrix. According
to Lemma 3.9, we can use an admissible set of sampling functionals

. 1 k 1 o [k
Fy=F(pA)") =F (5 (Sc+ s_a) =F |5 ;0 <r> Sk-2rr ) (3.8)

and arrive with the point evaluation functional Ff := f(0) at the sampling matrix
(Fi(@(A) 1))t with entries

k+t
1 +

Fe (o) f) = F (' f) = 507 S (k ' E) F G+ € =20y,

This matrix involves the function samples f (kt), —2M + 1 <k <2M — 1. Since f
in (3.7) is symmetric, it is sufficient to provide f(kT),k =0,...,2M — 1. Indeed,
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F(p(A)+ef) = Zc, (o) cos(a;))

¢ (cos(a; ) F (cos(ej)) = ch (cos(aj’r))Hk
j=1

||ME

yields that the sampling matrix can be simply factorized, and all matrix factors have
full rank M.
We can employ a different sampling matrix by taking

Fk(f) = ((Skr + S—kT)f)(O)

instead of (3.8) and get the matrix entries

((Skr + S—x0) (9(A)" 1)) (0) = 5 Z ( ) ((€+k—2rD) + f(t—k—2r)7)].
(3.9)

For f of the form (3.7) this sampling matrix is also admissible since we obtain with
the Chebyshev polynomial 7y (z) := cos(k(arccos 7)) that

(Skx + S—i0)e(A) £ ) (0)
( )

4
Z%Z<)ZC1 [cos (ot (€ + k — 2r)T) + cos (aj (€ — k —2r)T)]

r=0 j=l1

L2 Gy
=> ¢ (? (r) cos (aj (€ — 2r)T)) cos (o jk)

=§ <2e Z( ) l—2r|(cOS (oz]’r))) cos (o k)

M
=2 Z Cj (cos(cxj”t))‘Z cos(ogk’t) ,

where we have used the identity xt = 2@ Zr 0 ( )T|g 2r(x). Thus

(e + Sk0)p() f)(0>) = (cos(ajkrnyy" Y, diag 2e ML ((cosa;mH Y,

k=0,£=0

where all matrix factors have full rank M. The sampling matrix in (3.9) applies the
idea that instead of Fy(f) = F((p(A)kf), k=0,...,M — 1, we can also use

Fi(f) = F(pr(p(A) ),  k=0,....M—1,
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with a basis { pk},i”: 61 of the space of algebraic polynomials up to degree M — 1.
Here, (3.9) is obtained by using the basis of Chebyshev polynomials py = T, k =
0,....,.M—1.

Remark 3.13 A slightly different sampling scheme was applied in [30] and in [26],
where the Prony polynomial has been written using a Chebyshev polynomial basis
instead of the monomial basis.

4 GOP for Special Linear Differential Operators of First and Second
Order

In this section we discuss the application of GOP for the recovery of expansions
into eigenfunctions of linear differential operators. In this case, we will mainly apply
iteration operators that are constructed using ¢(z) = exp(tz) and ¢(z) = cos(tz!/?).
We will show that the obtained iteration operators are generalized shift operators that
enable us to recover the considered expansions using only function values instead of
derivative values. We will consider sampling functionals Fj : M — C of the form

Fi(f) = F(p(AX ).

With this sampling, GOP is equivalent with the generalized Prony method for ¢(A)
(instead of A) and a fixed functional F that only needs to satisfy the assumptions of
Theorem 3.1. Then, the corresponding sampling matrix is always admissible for all
f € M(A) in (3.2), and we need the values F((¢(A)*f), k = 0,...,2M — 1 to
reconstruct f in (3.1).

4.1 Differential Operators of First Order and Generalized Shifts

Assumethat G : I — J C Risin C®°([) and that its first derivative G’(x) has no zero
on /. In particular, this means that g(x) = 1/G'(x) is well-defined on I. Moreover,
G (x) is strictly monotone on I such that G~!(x) is also well-defined on I. Further,
let H e C*().

We want to reconstruct functions of the form

M
fx) = ch eH(X)+)»jG(X)’ 4.1)
j=1

i.e., we want to recover the parameters ¢; € C\{0} and ; € R+i[—C, C). We define
the functions

H'(x)
G'(x)

1
g(x) = ——, hx):=-— (4.2)
X
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Then vy, (x) := e +4/G() are eigenfunctions of

d
A= g(-)d— +h(), 4.3)
x
since we have for all A € C,

d
Av(x) = (g(x)a + h(x)) eH@+A2G(x)

H@+G) (Zh) + 1)
g(x)

We can therefore apply the generalized Prony method to recover (4.1), and with the
operator A in (4.3) this leads to a recovery scheme that involves the samples

=gx)e + h(x) eHOTAEE) — 5 0, (x). (4.4)

F((g(-) % +h(-))kf), k=0,...,2M—1.

However, these samples may be difficult to provide.
We therefore apply the GOP approach with ¢(z) = exp(tz). For f of the form
(4.1) it follows that

A (g() $+h()) T d ‘(v H(x)+2;G(x)
T — oT(g() gz +h( — s Y . i xX)+A1;G(x
€)= TEOEHO ) = (g()dx+h()> D_cjel
=0 j=1
M 00 Tg M
— . ] H)+2;G(x) _ oM T HX)+2;G(x)
j=1 =0 j=1
M
— HW—H (G (t+G(x))) Z G (T+G(x)+2;G (G (T+G (x)))
]:
= MO M) 1 (G 4 G ). (4.5)

Thus, the iteration operator ¢(A) of A is the generalized shift operator Sg g« :
C[R) — C(R) with

S f(x) = @(A) f(x) = e f(x) = HW-HG (TGO £(G-1 (1 4+ G(x))).
(4.6)

This observation enables us to reconstruct f in (4.1) using function values instead of
derivative values.

Theorem 4.1 Let G : I — J C R be in C*°(I) with |G'(x)| > 0 forall x € I, and
H € C®°(I). Further, for some fixed xy € 1 and0 < |t] < 1t/C letthk+G(x9) € G(I)
fork=0,...,2M — 1, where G(I) := {g(x) : x € I} denotes the image of G. Then
fin(4.1) with [Im A ;| < C can be uniquely reconstructed from the function samples
G Nk +G(x0)), k=0,...,2M — 1.
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Proof Taking the differential operator A in (4.3) with g and 4 as in (4.2), it follows from
(4.4) that e )+%;G() are eigenfunctions of A to the pairwise distinct eigenvalues
Aj. As shown in (4.5), we can apply ¢(z) = exp(Tz) and obtain the generalized shift
operator (A) = Sg, .+ in (4.6). One important consequence of the computations in
(4.5) is the observation that

d
p(A) f =" f =exp (Tk (505 + h(-))) f=Scnicf
X

also holds. Therefore, we have S G.Hx= = SG,H kv, see also [26] for a different proof.
We now apply Theorem 3.10 to f in (4 1) with the operator ¢ (A) = SG H.t» the point
evaluation functional F(f) = f(xo), and with Fx(f) := F(@(A)X f). By Theorem
3.4, the eigenfunctions e/ T4 0() of A = g(. )dd + h( ) to the eigenvalues 2, are
also eigenfunctions of Sg.y ¢, now to the eigenvalues e*/ ™. We only need to ensure
that these new eigenvalues are pairwise distinct. Since A; € R +i[—C, C), this is
satisfied if 0 < T < %. Therefore the mapping from e*-fT to vy; = OG0 g
bijective. Finally, F(vy;) = vy;(x0) = efx0)+%;G(0) £ (. Hence, the sampling
matrix

1,.M

.M
(F (s ) o = (Somawsn ) Gl
M—-1,M

_ (eH(x)_H( “Ntk+0)+G(x0))) f (G—l (ttk+0¢)+ G(xo)))>k =0

is admissible by Lemma 3.9 and is already determined by the well-defined sampling
values f(G_l (tk+G(x0))), k =0,...,2M — 1. Thus, Theorem 3.10 can be applied
and the assertion follows. O

Remark 4.2 If the generalized shift operator Sg g+ is used to recover the expansion
f in (4.1), then the assumptions on G and H can be relaxed. It is sufficient to have
continuous functions G and H, where G is monotone on /.

Example 4.3 We want to recover an expansion of the form
M
f) =) cjehico (4.7
=1

and have to find the parameters ¢; € C\{0} and A; € R + i[—7, 71) by employing
Theorem 4.1. We take G(x) := cos(x) which is monotone on [0, 71]; i.e., we can
choose I = [0, 7] and G(/) = [—1, 1]. Then, G : I — G(I) is bijective, and
G~ l(x) = arccos(x) is well-defined as a function from G(I) onto I. Further, let

H(x) := 0. Taking g(x) := Gl(x) = m and h(x) := 0, we conclude that the

functions e*/ COS(" ) in the expansion (4.7) are eigenfunctions of the differential operator
A =——1_ 4 Weapply ¢(z) = exp(tz) and obtain the generalized shift operator

“sin(x) dx
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of the form

@(A) f(x) = Seos,0,tf (x) = f (arccos(T + cos(x))) .

We choose xg = 0,1.e., G(xg) = 1,and T = M such that the values cos(xg) + kT =
1—k/M e G()for0...,2M — 1. Thus

Skos.0.0.f (60) = Scos,0.kt f(0) = f (arccos(kt+ 1)), k=0,...,2M — 1,
are well-defined. According to Theorem 4 1, f(x) in (4.7) is already completely

described by these values. In th1s case, e*i ™) are eigenfunctions to Scos,0,t COI-
responding to the eigenvalues e*/ ™. Therefore, defining the Prony polynomial

M
Pcos(Z):l_[ Z_e ZP@Z
j=1

we find with (4.7)
M M M
> pe flarccos(l+ (m+01) = 3 pe ¢t Cosreeotnton)
€=0 =0 j=1
M M
— Z Cjek_i(1+n1T) Z P/é e)n_/'f"l.' —
j=1 =0
form =0, ..., M — 1. This homogeneous linear system provides the coefficients py,

.o PM—1, and pyr = 1 of Pyys(z). Having found P.os(z), we can extract its zeros

ehi T, recover Aj and finally find c; by solving a linear system for the given function

values. O

Example 4.4 We want to recover an expansion into shifted Gaussians of the form
fx) = Z cje ), (4.8)

where we assume that « € R\{0} is given beforehand, and we need to reconstruct
cj € C\{0} and Aj€R,j=1,..., M. By direct comparison we have e_‘)‘()‘_’xf)2 =
eA?,. HO+1,G() with

H(x) = —ax?, G(x) = 2ax,
2
and with the linear factor e’/ . Thus, taking g(x) := 1/G’(x) = 1/Qa) and h(x) :=
H'(x)/G'(x) = —x, it follows that v, (x) = e~ 2(C=2)% gatisfies the differential

equation
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Table1 Examples of operators A = g(-) % +h(-), corresponding eigenfunctions vy, = exp(H(-)+x G(-))

and sampling values for k =0, ..., 2M — 1 with sampling parameter T to recover expansions f in (4.1)

g(x) G(x) Eigenfunctions vj, Sampling values

1/x —%xz exp(H (x) — %xZ) f (V=kT+x0)

1 X exp(H (x) + Ax) f (kT + x0)

X log(x) el () 2 f (ekao)

P (p#D 1= exp(H (x) + Ax1 =P /(1 = p)) £ = pytk 45”1

,m arccos(x) exp(H (x) + A arccos(x)) f(cos(kT + arccos(xq)))

m arcsin(x) exp(H (x) + \arcsin(x)) f (sin(kT + arcsin(xq)))

\/ﬁ arcosh (x) exp(H (x) 4+ X arcosh (x)) f (cosh(kT + arcosh(xg)))
x2 41 arsinh (x) exp(H (x) + Aarsinh (x)) f (sinh(kT 4+ arsinh(x)))

coslﬁ) sin(x) exp(H (x) + A sin(x)) f (arcsin(kT + sin(xg)))

—m cos(x) exp(H (x) 4+ A cos(x)) f (arccos(kT + cos(xq)))

— m sinh(x) exp(H (x) + A sinh(x)) f (arsinh(kT + sinh(x()))

- m cosh(x) exp(H (x) + A cosh(x)) f (arcosh(kT 4 cosh(xp)))

1 d —) .
(Za—x> v, (x) = Ay (x);

. 2 . . . .
ie., e =AD" are eigenfunctions of the operator A in (4.3) with g and & as above.
According to Theorem 4.1 we can therefore recover the expansion into shifted Gaus-

sians in (4.8) using the function samples
FG e+ GO) = f(5k).  k=0....2M 1,
o

where we have taken xo = 0 and arbitrary real step size T # 0, since G (x) is monotone
on R and the eigenvalues et T are real, see also [26], Sect. 4.1. O

Remark 4.5 We mention that there are other approaches to recover expansions into
shifted Gaussians, see, e.g., [34]. When one is interested in approximation of functions
by sparse sums of the form (4.8), the question arises, whether arbitrarily narrow Gauss
pulses can be constructed by linearly combining arbitrarily wider Gauss pulses. This
question has been recently discussed in [13].

The approach to considering eigenfunctions of the form v; (x) = e TG for
differentiable functions G(x) and H (x), where G(x) is strictly monotone on some
interval I opens the way to recover many different expansions of the form (4.1) using
only special function values of f. In Table 1, we summarize some examples for g (x),
G (x), and arbitrary H (x) (resp. h(x)), the corresponding eigenfunctions v, as well as
the needed function samples for GOP.
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4.2 Second Order Differential Operators and Generalized Symmetric Shifts

We consider now the reconstruction problem to find all parameters ¢; € C\{0} and
rj €l0,C)of

M
f) =) ¢jcos(hj G(x)). (4.9)

J=1

As before, we assume that G € C*° (1) for some interval I = [a, b] C R and that G’
is strictly positive (or strictly negative) on I. Let g(x) := 1/G’(x). We now consider
the special differential operator of second order acting on f (x) as follows

2 d\?2 2 o1 / /
Bf(x) = A% f(x) = ((g(-)a) f) (¥) = (802 S (x) +8() & (1) ().
(4.10)

Similarly as in (4.4), we observe that the functions e*¢®) and e *¢®) are the two
eigenfunctions of B to the eigenvalue —A2. Therefore, cos(A G(x)) and sin(A G(x))
are also eigenfunctions of B to —A2.

In order to ensure that the map from eigenvalues to eigenfunctions —A% — v is
bijective, we restrict ourselves to the eigenfunctions cos(A G (x)) with A > 0.

Then, the function f in (4.9) can be understood as an expansion into eigenfunctions
cos(Aj G(x)) of the operator B in (4.10), and according to the generalized Prony

method in Theorem 3.1, we can reconstruct f using the values F ((g( ) d){)2]‘ f )

k=0,...,2M — 1 with some suitable functional F : C*°(I) — C.
We want to apply GOP to derive a simpler reconstruction scheme. We take the
analytic function ¢(z) = cos(tz1/?) and obtain for f in (4.9) according to (4.5)

@(A?) f(x) = cos(TA) f (x)
1 d d
3 [CXP (Tg(')a) + exp ( - Tg(')a)} S

@(B) f(x)

1
= s [f@ T a+G@m + 16T =+ 6]

Thus, we find a symmetric generalized shift operator

sym 1 — —
St =3 [FGT @+ GON + F(GT =T+ G

as an iteration operator of B, and f in (4.9) can also be understood as a sparse expansion
into eigenfunctions of the operator S; sy . to the eigenvalues ¢(— Az) = cos(TA;). This
observation enables us to reconstruct f in (4.9) using only functlon values of f instead
of derivative values.
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Theorem 4.6 LetG : I — J C Rbein C*®(I) with |G’ (x)| > Oforallx € I. Assume
further, that for some fixed xo € I we have cos(AG(xg)) # 0 for all 1 € [0, C), and
for a fixed T with 0 < |t| < 7t/C we have tk + G(xo) € G(I) for k = —2M +
1,...,2M — 1. Then the parameters c; € C\{0} and A; € [0,C), j =1,..., M,
of f in (4.9) can be uniquely reconstructed from the samples f (G~ (7k 4+ G (x0))),
k=-2M+1,...,2M — 1.

sym

Proof We apply Theorem 3.10, where we use the operator ¢(B) = cos(TA) = SG.
the point evaluation functional Ff = f(xo0), and the set of sampling functionals Fy =
Fe(B)), k =0,. — 1. From Theorem 3.4 it follows that the eigenfunctions
cos(r;G(x)) of B in (4 10) are also eigenfunctions of Sg; ;. Indeed, we find by direct
computation

S cos(h;G(x)) % [cos(A;G(G™! (T + G(x))) + cos(A;G(G™ (=T + G(x))]

= % [cos(kj (T4 Gx))) +cos(r;(—T+ G(x)))]
= cos(A;T) cos(A;G(x)).

Therefore, the eigenvalues have here the form cos(A ;T) and are pairwise different for
A e[0,0)if 0 < T < % Further, the sampling matrix (Fk(w(B)ef))%ziéM is
admissible by Lemma 3.9. This sampling matrix has Hankel structure and is deter-
mined by

k
Sym sym 1 —
F(f) = FUSED ) = (SgF Fxo) = 72( )f(G (G (x0) + (k —2r)T)
r=0

fork =0,...,2M — 1. Thus the assertion follows. O

Example 4.7 We want to reconstruct expansions of the form

fx) = ch cos(A; arccos(x)) 4.11)

j=l1

with ¢; € C\{0} and A; € [0, C). Therefore, we choose G(x) := arccos(x) on the
interval [—1, 1],and g(x) := 1/G'(x) = —(1 —x2)1/2.According to our observations
we take Af(x) = g(x) f'(x) = —v/1 — x2 f’(x) and

d 2
Bf(x) = A%f(x) = (m — ()2 a) F) =1 —x3 f"(x) —xf(x)

on I = [—1, 1]. Then, B possesses the eigenfunctions cos(x arccos x) for A > O.
Taking the non-negative integers A = n € Ny, we particularly obtain the Cheby-
shev polynomials 7,,(x) = cos(narccosx). According to Theorem 4.6 we can
now reconstruct the expansion (4.11) using only the samples ((Saiecos.t)* f)(x0),
k=0,...,2M — 1, which can be computed from the values
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f(cos(kT + arccos(xp))), k=-2M+1,...,2M — 1.

We can choose xp = 1 to ensure that cos(l G (xp)) = cos(A arccos(1)) = 1 # 0 for
all 2 € [0, C). Further, we take T € (0, min{Z, 557}) such that kT + arccos xo =
kt e [0,m) fork = 0,...,2M — 1. In this special case the values f(cos(kT)), k =
0,...,2M — 1, are sufficient for full recovery since the cosine function is symmetric.
Different approaches to recover expansions into Chebyshev polynomials are taken in
[30] and [26]. O

5 Generalized Sampling for the Prony Method

In this section we study admissible sampling schemes in GOP in more detail and want
to give some special applications.

Let us assume that the normed vector space V is a subspace of L?([a, b]) and fix
the linear operator A : V — V. We denote with o (A) a fixed set of pairwise different
eigenvalues of A and consider the set V; of corresponding eigenvectors such that the
map A — v, is a bijective map from o (A) onto V,;. By Theorem 3.10 we know that
A can be replaced by an iteration operator ¢(A).

In this section we will focus on finding an admissible set { Fk},y: 61 of sampling
functionals according to Definition 3.6 such that entries of the sampling matrix
(Fi(A'F )),f/’[e_:lo’M can be simply computed. We recall that a set of sampling func-

tionals Fy : V — C is admissible if (Fk(vk))lﬁ/lz?),l)\eAM has full rank M for all subsets
Ap C o (A) with cardinality M. Then it follows, by Theorem 3.7, that the sampling
matrix (Fk(Alf))%[zl(’)M has full rank M for each f € M(A) such that f can be
uniquely recovered.

We consider functionals Fj : M(A) — C which can be written as

b
Fi(f) = (> ) =/ J (%) dic(x) dx, (5.1)

where (a, b) C R is a suitable interval and ¢y is some kernel function or distribution,
such that the integral in (5.1) is well-defined in a distribution sense. For example, we
can take ¢y to be the d-distribution,

b
Fef) = (f. 5( — x0)) =f F) S —x0)dx = f(ro).  xo € [a. bl.

Using the adjoint operator, the entries of the sampling matrix can be written as

b
F(AYf) = (A'f, dn) = (f, (AN x) = / Fx) (A dr(x)dx.  (5.2)

If A is a linear differential operator, the consideration of powers of the adjoint operator
A* applied to ¢y is particularly useful if we cannot acquire derivative samples of f
but special moments instead. In this case, we need to assume that the kernel functions
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¢y are sufficiently smooth on [a, b], such that (A*)(qﬁk € L2([a, b]). For admissibility
we need now to ensure that ((vy, qbk)),é/I:B}AGAM has full rank M.

Example 5.1 We consider again the example of exponential sums to present the variety
of possible sampling matrices that can be used. Let

M
f) =) cjeli*
j=1

with ¢; € C\{0}, T; € R +i[—m, 7), where eli* are eigenfunctions of A = % to
the eigenvalue 7';. Here M(A) is a subset of the Schwartz space, and thus obviously a
subspace of Lz([a, b)) for each interval [a, b] and also of LZ(R). We present a variety
of sampling schemes which are all admissible and of the form (5.2).

a)Let F(f) := f fooo f(x)d(x —x9) dx = f(xp) be the point evaluation functional
with xo € R and let Fy(f) := F(A* f). Then the entries of the sampling matrix are
of the form

Fr(A'f) = / h AL f(x) ARS(x — xp) dx = / h F0) 8% O (x — xg)dx = fEFO (x)

—00
used in Sect. 2.2, where we need derivative values f(k) (x0),k=0,...,2M — 1. The
used kernel functions are in this case the distributions ¢y = AX8(-—xg) = 8% (- —xp);
i.e., derivatives of the Delta distribution. Admissibility is ensured since for any 7; €
R + 1[_7-[7 T[),

T;. M—=UM ok Tixo\M—1LM ks M—LM 3 Tixg\M
(e diDi=o.j=1 = (T /g j=1 = (Tj =g j=1 diage’ /70);,

has full rank M.

b) By Lemma 3.9 we can also take Fi (f) = F (¥ (A)k f) for some iteration operator
Y (A) with F as in a). With ¢ (A) = exp(TA) = S¢, T # 0, see Example 3.5, we
obtain the admissible sampling matrix with entries

F(A'f) = / h (SKAL £)(x) 8(x — x0) dx
= / F) (AH* (S5 8) (x — x0) dx
= / h F) 8O (x — thk — x0) dx = £ (xo + Th),

where we need the values f© (xo +kT1),£=0,...,M,k=0,..., M — 1, see Sect.
2.4. We have here ¢ = (Sﬁ)*6(~ —x0) =0(-—Tk —2x0),k=0,...,M — 1.
¢) Consider now the functional

1
F(f) = /0 £ $(x) dx (53)
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with ¢ (x) := x*M (1 — x)?"  Then

1
Fel) =/ e’ ¢p(x)dx £ 0
0

forall T € R+ i[—, 7) since ¢ (x) > 0 for x € (0, 1). Thus, with Fj := F(A¥) we
obtain

1
Fr(AYf) = F(AME ) = / FEOE) XM (1 = x)*M dx
0

(k+¢)
] dx

1
= (1)l / Fx) [XZM(l —x)2M
0

is admissible. These values can be computed from the moments fol S (x)x* dx for
s =0,...,4M. The functions ¢ are here defined as ¢; := ¢>(k), k=0,...,M—1.

d) Let us now take the functional F as in (5.3), but with ¢ (x) := M1 —x)™ and
let Fr(f) := F(exp(kA)f) = F(S’l‘ f) according to Lemma 3.9. Then we get the
entries of the admissible sampling matrix in the form

1 1
o 0

k+1
= (=1 f£x) [(x—k)M(k—l—l—x)M](a dx.
k

These entries can be computed from the moments fol f(x + k)x*dx for k =
0,....M —1and s = 0,...,2M. The functions ¢, are of the form ¢ (x)
x—MEk+1-—x)M k=0,...,M—1.

e) Besides all the sampling schemes above, we know from Sect. 2.1 that f can be
reconstructed using the 2M samples f(xo + k1), k =0,...,2M — 1, with xg € R,
T # 0. This sampling scheme also follows from Theorem 3.10 by replacing A with
the iteration operator exp(TA) = S¢. The simple equidistant sampling is obtained by
taking Fy = F (Sﬁ) and the kernel function ¢ (x) = 6(x — xg) as in a), such that

Fr((exp(tA) ) = F(S*T f) = f(xo + (k + O)1).

The kernel functions ¢y are here ¢ = ¢ (- — k), k =0, ..., M — 1. Taking instead
F, = F(S’ZCT) we arrive at

Fi(SLf) = F(S5.SEf) = fxo + T2k +0), k=0,....,M—1,£=0,..., M,

and this sampling matrix is also admissible by Lemma 3.9. Here we have now ¢ =
¢(—27k), k=0,...,M — 1. O

Besides the well-known example of exponential sums, we can also find new sampling
schemes for expansions into eigenfunctions of differential operators of higher order,
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where we need to acquire moments instead of derivative values. This can always be
achieved by employing suitable kernels ¢ and the adjoint operator representation in
(5.2).

Let us consider the linear differential operator

d ar
A=) o) (54)
n=0

of order d with sufficiently smooth functions g, . Further, let o (A) be a subset of pair-
wise distinct eigenvalues A of A with corresponding eigenfunctions v, € L?*([a, b])
such that we have a bijection A — v

Lemma 5.2 Let A be an operator in (5.4) with g, € Cd([a, b)) forn=0,...,d, and
let F : L*([a, b]) — C be a functional given by Ff = (f, ¢), where ¢ € C4([a, b])
and

lim ¢©x) = lim ¢©Px) =0, ¢=0,....d.
X—a x—b

Then
d r -
F(Af) =(Af, ¢) = <f, Z(_l)r Z (E)gfli)¢(r—£)>,
n=0 =0

where g,(,e) and ¢© denote the €-th derivative of g, and ¢, respectively.

Proof The proof follows simply by partial integration, where the boundary terms
vanish because of the assumption on ¢. O

Thus, we can apply the sampling scheme arising from (5.2) where we need to
compute with derivatives of the kernel functions instead of derivatives of f.

Example 5.3 (Sparse Legendre Expansions). We want to recover a sparse expansion
into Legendre polynomials of the form

M
)= cj Py (x)
j=1

where ¢; € C\{0}, and n; € No with 0 < n; < np < ... < ny. The Legendre
polynomials P,, n € Ny are eigenfunctions of the differential operator of second
order

Af(x) == (" = 1) f(x) +2x f'(x),
and we have

AP, =nn+1)P,.
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Table2 Active degrees n; and
the corresponding linear nj 1 4 9

coefficients c¢; of f with cj 1.703 3.193 3.710
parameters in Table 2

Employing a functional of the form

b
F(f) = / FE)bp () dx,

with a smooth kernel ¢p satisfying ¢pp(a) = ¢p(b) = 0 and ¢}, (a) = ¢, (b) = 0, it
follows that

b b
/ Af(x)dp(x)dx = / f(x) Agp(x) dx.
We choose the kernel

(x —a)*M(x — by exp (—a(x — Bo)*(x — B1)?)  x €[a, bl,
0 x ¢ [a, b].
(5.5)

¢p(x) := {

Here, the parameters By and f; are chosen to be outside of the interval [a, b], and
a > 0. For o =0, ¢p is a polynomial of degree 8M.

Taking for example [a, b] = [—1/2, 3/4], it follows that the functional F satisfies
the admissibility condition F(P,) # 0 for all n € Ny. Therefore, the expansion f can
be recovered from the 2M samples

3/4
F(A*f) = fx) A¥gp(x)dx, k=0,...,2M — 1.
/2

We consider a small computational example. We want to recover the parameters c
and n; of the expansion

3
f) = ¢j Py(x)
j=1

from the 6 samples F (Ak f)sk=0,...,5. The true parameters are given in Table 2.

The signal with these parameters is presented in Fig. 1.

We choose now the sampling kernel ¢ p in (5.5) witha = —1/2,b = 3/4, ¢ = 0.1,
and —fBp = B1 = 2. The kernels Ak¢p, k=0,...,5, are depicted in Fig. 2. These
kernels can now be used for any 3—sparse linear combination of arbitrary Legendre
polynomials. For our example, the sampling matrix has the form
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Fig. 1
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3-sparse Legendre expansion f with parameters in Table 2
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0.50

0.75 1.00

0.00005.
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~0.00010

~0.00015

o0 075 050 025 000 025 050 075 100

100 075 050 025 000 025 050 075 100
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2000

1000

o

1000
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750000

500000

250000

o

250000

500000

750000

“To0 075 050 025 000 025 050 075 100

Fig. 2 Sampling kernels Akd)p, k=0,
expansion

Table 3 Computed parameters
nj and c; for f

E(f)
F(Af)

F(A%f)

100 075 050 025 000 025 050 075 100

100 075 050 025 000 025 050 075 100

1,2 (first row) k = 3,4, 5 (second row) for a 3-sparse Legendre

nj 1.00008823 4.00001099 9.00000026
cj 1.703 3.193 3.710
F(Af)) F(A%f) F(A%f)

F(A2f)) F(Af) F(A*f)

F(A’f)) F(A*f) F(Af)

The reconstructed parameters can be seen in Table 3. The polynomial degrees are
correctly recovered up to small rounding errors. We round to the closest integer and
get the exact values n ;. The coefficients ¢; are found using a 3 x 3 Vandermonde
system. Alternatively, to recover the coefficients, we can use the orthogonality of
Legendre polynomials and obtain
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_2nj+l

Cj B

1
/ J(xX) Py (x)dx.
—1

The numerical instabilities due to the exponentially growing functions A¥¢p are an
issue in this approach. A clever choice of the parameters of ¢ can help to control
the amplitudes of A¥¢p. Another way is to apply a set of different functionals F as
proposed in Sect. 3.3.
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