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Abstract

This paper deals with the problem to find poles of rational functions from func-
tion values on open curves on the complex plane. For this problem, Nara and Ando
have recently proposed an algorithm that reduces the problem to a linear equation
through contour integration. The main aim of this paper is to analyze and improve this
algorithm by giving a new interpretation to the algorithm in terms of orthogonal poly-
nomials. It is demonstrated that the linear equation is not always uniquely solvable
and that this difficulty can be remedied by doubling the number of the linear equa-
tions. Moreover, to cope with discretization errors caused by numerical integration,
we introduce new polynomials similar, in spirit, to discrete orthogonal polynomials,
which yield an algorithm free from discretization errors.

1 Introduction

Inverse source problems have a wide variety of applications, such as in electronic impedance
tomography (EIT) [1, 2, 3, 4, 6, 11], electroencephalography (EEG) [3, 7], magnetoen-
cephalography (MEG) [17], and so on. It is known that many of such problems can be
reduced to estimating locations of poles of meromorphic functions [3, 9, 17]. In particular
for 2D EIT problems, it is shown in [3] that the data, that is the difference between the
electric potential on the boundary of a domain with and without small inclusions, is the
real part of a meromorphic function with simple poles in the domain with some holomor-
phic function. See also [9] for the relationship between small inclusions in 2D EIT and
poles of a rational function. For the details of EIT, the readers are referred to the books
by Ammari and Kang [1, 2]. Furthermore, it is also shown in [17] that EEG and MEG,
which are formulated in 3D space, can be reduced to localizing poles of rational functions.
Pole identification of rational functions also plays important roles in eigenvalue problems
and computing zeros of analytic functions [12, 13, 18].

For the estimation from boundary measurement, which means data on closed surfaces
or curves, various algorithms have been proposed together with theoretical analysis of
their behaviors [7, 10, 11, 14, 15, 19]. Estimation from data on open surfaces or curves
is also important. For example, in EIT, it is not possible in many cases to place sensors
for measuring the voltage on the entire boundary. Thus it is useful in practice if we can
estimate the defect position from partial boundary data by some algebraic method. In
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spite of such practical needs, not much has been studied about estimation of poles from
data on open curves. Among the few existing methods for such problems are Baratchart
et al. [4], Ben Abda et al. [5], and Nara—Ando [16], which propose different kinds of
algorithms. The algorithms of [4] and [5] involve iterative computing, which makes the
error analysis harder. On the other hand, Nara—Ando’s algorithm is an algebraic method
that is free from iterative computing and is amenable to theoretical analysis.

The aim of this paper is to analyze and improve Nara—Ando’s algorithm on the basis of
a novel idea of orthogonal polynomials. The Nara—Ando’s algorithm determines a polyno-
mial corresponding to the denominator of rational functions by solving a system of linear
equations. Our approach using orthogonal polynomials gives an alternative derivation of
the system of linear equations, and furthermore, enables us to obtain new theorems and
improved algorithms regarding unique solvability of the linear equations and numerical
errors.

To be specific, our approach gives the following results:

e It is claimed in [16] that the linear equation is uniquely solvable. We disprove this
claim by giving counterexamples.

e But we can remedy this situation by doubling the number of equations, which makes
the linear equations uniquely solvable in all cases.

e Numerical errors caused by numerical integration can be eliminated by introducing
new polynomials which have a property similar to orthogonality with respect to
numerical integration.

We deal with the following problem.

Problem 1. Find the poles {z1,z2,...,2n} of a rational function f, where it is assumed
that f can be represented in the form of

fle) =302

k=1

with pp # 0 and distinct z,. The number N of poles is known and the values of px and
2z are unknown. A simple open curve I is given, and the values of f at any points on T’
are available.

In practical situations, we need to consider noise in given data. In this paper, how-
ever, we assume that exact data are given and focus on theoretical analysis under this
assumption. It is also noted that, once the poles z1, 29, ..., 2y are identified, the values of
W1, 2, - - -5 by can be easily computed by the method of least squares.

The paper is organized as follows. In Sect. 2, we briefly describe Nara—Ando’s al-
gorithm. In Sect. 3, orthogonal polynomials are introduced and their significance for
Nara—Ando’s algorithm is shown. Section 4 discusses the unique solvability of the linear
equation in Nara—Ando’s algorithm. We first give some examples for which the linear
equation is not uniquely solvable and then show that such difficulty can be remedied by
doubling the number of the linear equations. In Sect. 5, we propose a new algorithm that
is free from discretization errors caused by numerical integration. Moreover, it is numeri-
cally demonstrated that the proposed algorithm is indeed effective to cope with numerical
errors.

2 The algorithm by Nara and Ando

We shall describe the algorithm for Problem 1 proposed by Nara and Ando [16]. In
Nara—Ando’s algorithm, a polynomial P of degree N is computed such that f(z)P(z) is



holomorphic. The poles of f can be computed as the roots of such P by solving the
algebraic equation P(z) = 0. Here the essential problem is how to obtain the polynomial
P. By associating an N-dimensional vector with a monic polynomial of degree N, the
problem of finding P is translated into finding the associated N-dimensional vector. The
desired vector is obtained as the solution of a linear equation in Nara—Ando’s algorithm.
Let ' be a simple open curve whose end points are —1 and 1. For a vector of complex
variables ¢ = (c1,¢a,...,cn) € CVN, let P. be a polynomial of degree N defined by

N
Pe(z) := 2N — chzjfl,
j=1

and let c* denote the vector satisfying
N
Po(2) = [](= = =) (1)

k=1

for the solution z1, 29, ..., zy of Problem 1. In the following, we use the notation

n o m'(r?lm)‘ <n > m)’
m) 0 (n <m).
The vector ¢* has the following property, which plays the key role throughout this paper.

We include the original proof since we shall shed a new light on this proof from our
viewpoint in Sect. 3.

Theorem 1 (Nara—-Ando [16]).
For all nonnegative integers j, let

h; ::/Ff(z)zjdz. (2)

Then for all nonnegative integers n, the following equation holds:

N .
NN\ (n+2) " "
> (~1) (j) ( N )(hn+2j — CNhnyoj—1 =+ = Thnigi-N) = 0. (3)
j=0

Proof. Since Pe«(z)f(z) is a polynomial of degree at most N — 1, for all nonnegative
integers n, we have

dN
/F (P (2)f(2))dz = 0. (4)

Applying integration by parts N times on the left-hand side of (4), we obtain

St e <z>f<z>>] 1
-1

Pt dzk dZN—k—l
+ (—1)NN! <]7\7}> (hn — C}‘th_l — e — Cihn—N) =0. (5)

Hence, for all nonnegative integers n,

N /N N-1 dkont25 QN—k-1 P (2 2 !
> (Y) [Z(_l)k 2 e ) >>L

=0 k=0
N . N
. N n—+2 "
+) (-1 <j >N!< N ]> (Pntaj = D G hnyaj-N-111) =0
j=0 =1



holds. Here, for the first half of the left-hand side of this expression, we have

N , N-1 kon+2j AN=k=1(p_ () f(x !
> -17(") !Z(—n’fd e ))]
-1

J=0 J k=0
I 1
N-1 N ke
_ (_deik Z(_l)j N nt2) dN (P (2) £ (2))
— dzk = j dzN—k—1
[N—1 1
d* AV (Per (2) £ (2))
— k n 2\N c
- (1) dzk (z"(1=297) dzN—F—1 (6)
L k=0 —1
and this value is equal to 0. This leads to (3). O

An essential point of the proof of Theorem 1 is that linear combinations of the left-hand
side of equation (5) make the boundary terms vanish.
Theorem 1 states that ¢ = c*, where c* is defined by (1), satisfies

N .
AN\ (n+2
E (1) <j> ( N ‘7> (hny2j — eNPng2j—1 — - — c1hpy2j-N) =0 (7)
i=0

for all nonnegative integers n. It is shown empirically in [16] that c* is the unique solution
of the system of N linear equations (7) with n =0,1,..., N — 1.
The above facts lead to Nara—Ando’s pole estimation algorithm, which reads as follows.

Algorithm 1 ([16]).

(1) From the value of f(z) on T', compute h;j in equation (2) for j =0,1,...,3N — 1.

(2) Solve the system of N linear equations (7), where n = 0,1,...,N — 1, and let c* be
the solution.

(3) Solve the algebraic equation in zN—cfva_l —---—c] = 01n z and output the solutions
as 21,22y.-+4y2ZN-

3 Proposed approach with orthogonal polynomials

In this section, we present an alternative derivation of the system of linear equations in
Theorem 1 by introducing a system of orthogonal polynomials suitable for our theoretical
analysis.

Motivated by the expression (6), let us define polynomials

N
V)= Sy (=) (®)

for nonnegative integers n. Note an alternative expression

aM(z) = N! f} (Z,f) (2’“; ”) (1)t ©)

k=1
which shows that qSLN) is a polynomial of degree N + n. The following orthogonality
property of this polynomial plays the key role in this paper.

Lemma 1.
For all polynomials p of degree at most N — 1 and for all nonnegative integers n, we have

/F ™) (2)p(2)dz = 0. (10)



Proof. For j € {0,1,..., N — 1}, we have

o (0= = (-

= 0.
z=—1

From this equation, the left-hand side of (10) is rewritten as follows:

/ o™ (2)p(2)dz
I

g (ijv (2" (1- 22)N> p(z)dz

dN—l

1
- [dle (Zn (1 - ’22)N) p(z)] B - - N1 (Zn (1 - 22)N) dip(z)dz

av-t . N\ d
=— /r LN (z (1- 22) ) &p(z)dz

Since p is a polynomial of degree at most N — 1, we have %p(z) = 0, and hence the
above integral vanishes. O

Forie {1,2,...} and j € {1,2,..., N}, let a;; and b; be defined by

aij ::/qgj_vl)(z)f(z)zj_ldz, b; .—/ql( 1)( Vf(2)2Ndz. (11)
r

Note that a;; and b; can be computed from the values of f on the curve I'. Then the
following theorem provides a system of linear equations for c

Theorem 2.
For alli € {1,2,...}, the equation

N
Zaijc;f = bj (12)
7=1

holds.

Proof. 1t is easily seen that

Zal] j _/qZ 1)( )f(Z)ZNdZ—iV: <C;/quj_vl)(z)f(z)zj_1dz)
= [ | => g as

N
/qZ i H z—z)d (13)

k=1

This value is equal to 0 since f(z) [[~_,(z—z) is a polynomial of degree at most N—1. [



Here we define A € CV*V and b € CV by
A= (ag)i<ijen, b= (bi)i<i<n- (14)

Then Theorem 2 shows that the system Ac = b of N linear equations in ¢ has c* as a
solution. Furthermore, this linear equation coincides with the linear equation in Nara—
Ando’s algorithm, as is verified as follows. By (9) we obtain

N
b; — E a;;c;
Jj=1

N , N
N\ (2k+i-1 k 2k+i—2 2ititj—2—N
e 3 ) G L e
k=1 =
N
2k+i—1
- 'Z < > ( )(_1)k h2]€+i—1 - Z th2k+i+j—2—N
j=1

This expression is equivalent to the left-hand side of the equation (7), where n =i — 1.
We have thus demonstrated an alternative derivation of the key system of equations
. (N) . .
by means of our approach based on polynomials ¢, ’. In the following sections, we pursue
this approach to discuss unique solvability of the system of equations in Nara—Ando’s

algorithm and to devise an algorithm free from numerical errors.

4 Unique solvability of the linear equations in the algorithm

In this section, we shall discuss unique solvability of the linear equation Ac = b. In [16],
no examples with singular A were observed. As is shown in Sect. 4.1, actually, the linear
equation Ac = b has a unique solution in most cases. However, the fact is that there
exist examples with singular A, and we shall prove this in terms of specific examples.
Furthermore, we show that doubling the number of equations always yields a unique
solvable system.

4.1 Unique solvability in most cases

We shall show that the linear equation Ac = b defined by (11) has a unique solution in
most cases. Let B := (b;;) € CV*Y be a matrix with entries b;; (1 <i,j < N) defined by

(N) 1
] = 1
by o= [ M) (15)

using the polynomial q( )( ) introduced in (8). For f(z) = S0,
(11) is calculated as

kZJ !
ajj = E ——dz
Z — Zk

j—1
_ Zﬂk / g 1 (Zizk + (a polynomial of degree at most N — 1)) dz

b o
P the entry a;; in

z

2

—1
= bz,

k=1

where the orthogonality property (10) in Lemma 1 is used. Therefore, we have

A=BDV, b=BDv, (16)



where
pn 0 0 2) 2l 2NVt 2V
0 pe 0 2y 2 21 2
D = . . ) V= . . y ViI=
N-1 N
0 0 ... un z?v 211\7 N ZN

Since the ith component of v — Ve is equal to Pe(z;) for i = 1,2,..., N, it holds that
v —Vc* =0. Hence b — Ac* = BD(v — V¢*) = 0, which shows that ¢ = c¢* is a solution
of Ac =b.

Furthermore, since D and V' are nonsingular matrices, (16) means that Ac = b is
uniquely solvable if and only if B is nonsingular. The next proposition implies that the
equation Ac = b is uniquely solvable in most cases.

Proposition 1. Let S be the set of all (21,22, ...,2n5) € (C\T)N for which B defined by
(15) is singular. Then S is a closed subset of (C\ T)N with empty interior.

Proof. This is proved in Appendix A. O

4.2 Problem instances with singular systems of equations

We prove that there exist problem instances for which the system of N equations Ac = b
is not uniquely solvable. We begin with NV =1 and then proceed to general N.
The following theorem deals with the case of N = 1.

Proposition 2.
For N =1, there exist f and I' for which A is singular.

Proof. Let T' be the curve shown in Fig. 1. Since N = 1 and q(()l)(z) = —2z by (8), we
have A = (a11) with

all = 2/,61/ i dz.
r?—~%1



For s € [0, 1], we define v(s) to be this integral with z; = is, i.e.,

z
w(s):/rz_isdz.

Then v is clearly continuous. As is proven below, 1 (s) is real-valued and ¥ (0)y (1) < 0.
It then follows that there exists s* € [0,1] satisfying ¢ (is*) = 0. Defining f(z) = £
with this s*, we have a11 = 0, and thus the desired f and I'" are constructed.

What is left is to show that v(s) is real-valued and v (0)¢(1) < 0. For each s € [0, 1],

zp(s)—/F : dz—/F B qz4o. (17)

z—is*

z —1is z —1s
Let v : [0,1] — T" be the homeomorphism defining I, and express (t) as
v(t) =1is + r4(t) exp(ibs(t)), t € [0,1],

using continuous functions rg : [0,1] — R and 6, : [0,1] — R, where r4(t) > 0 for all
t € [0,1], and i is the imaginary unit. Then, since r5(0) = | — 1 —1is| = |1 —is| = r4(1), we

have
/Fz—lisdz = /01 ( ig) +19;(t)> dt

:10g< E(l] )+i<es(1> —6,(0))

=1(65(1) — 65(0)). (18)
It follows from (17) and (18) that

<

=
~— ~—

<

<

~—

P(s) = —s(05(1) — 65(0)) +2 € R.
From this expression, one can easily verify that ¢(0) =2 > 0 and ¢(1) = —37+2 < 0. O

The above proposition implies that there exists an example for which Nara—Ando’s
algorithm breaks down. Furthermore, the following proposition shows that for all positive
integers N, there exist examples such that the linear equation Ac = b is not uniquely
solvable.

Proposition 3.
For each positive integer N, there exist f and I' for which A is singular.

Proof. As is discussed in Sect. 4.1, it follows from (16) that A is nonsingular or singular,
according as B defined by (15) is nonsingular or singular. We shall construct f and T’
such that the first or second row of B vanishes depending on the parity of V.

We first consider the case of odd N. For s > 0, it follows from residue theorem that

1 1
/F (M () dz = / )

dz +m(s,I') x 27riq((]N) (is), (19)

z —is z —is

where m(s,I') is an integer determined by the position of is relative to I'. For example,

m(s*,I') =1 in Fig. 1. By setting

1
o(s) = / 1 V() ——dz, (s) = 2migtV(is), (20)

Z — 18

we can express (19) as

[ s = ps) + mls s (21)



Rez

Figure 2: An example which gives a singular equation for N = 3

It will be shown below that:
There exist s; > -+ > sy >0 s.t. p(sg)+kE(sp) =0 (k=1,2,...,N). (22)

For these s1,$2,...,8N, we set z := isg and take I' for which m(sg,I') = k for k =
1,2,..., N, as shown in Fig. 2. Then we have by = p(si) +m(sk,I')&(s) = 0 for all k£ and
hence the first row of B vanishes, implying that A is singular.

In order to show (22), it is sufficient to show that the following three properties:

e p(s) and £(s) are real-valued for s > 0. (23)
e £(s) is not equal to 0 for all s > 0. (24)
o lim, o pgz; =0 and lim, g % = —o0. (25)

It follows from these three properties that there exist s; > s9 > --- > sy > 0 such that

% = —k for k=1,2,..., N, which proves (22). By expanding q(()N), we obtain

N o N 204+ N +1
= N!(-1)2 <l+ N+1>< N >(—1)1z2’+1. (26)
2

Since N is odd, q(()N)(z) is an odd function. Then £(s) in (20) is given by

<) — 9 _ NQ+1T N 20+ N +1 ) (1g)2HL
E(s) = 2miV(-1) ;<Z+N+)( AR EHIE

1 K[ N 20+ N +1
:27TN!(—1)¥8 (Z—I—N+1>< l+N+ >s2l. (27)

2



Hence &(s) is real-valued and has the same sign as ( —1)¥ for all positive s. In particular,
&(s) is not equal to 0 for any s > 0. Next, p(s) defined in (20) can be expressed by

1 _(N) 1, (N) 1 (N)
_ [ w0 (2) _/ 2 (2) . . / 9 (2)
p(s)—/1 zfisdz_ g 22+82dz+15 7122+82dz

Since q(N) is an odd function, the last integral in the above equation vanishes, and hence

0
1, N,
p(s):/ Mdz.

we have
1 2’2 + 32

This value is real since q(()N) is a polynomial with real coefficients, and hence the first two
properties (23) and (24) are shown.

(N) (N)
We now turn to (25). Since qof(z) is a polynomial by (26), the set {\qof(zn 1z €
[—1,1]} is bounded above. Let us denote by M an upper bound of this set. Then we have

28 2) | _ |24V (2)

<M
22 4 52 22

<

for all z € [-1,1] and s > 0. Thus |p(s)| < 2M holds and

! 25 (2) O
= 1 = d
1sliIO1 p(s) /_1 151%1 ( 22 + 52 dz /_1 z 5

follows from Lebesgue’s dominated convergence theorem. Let us denote the value of this
integral by «. By using the expression (9) and the orthogonality (10) in Lemma 1, we
have

;..

= NI(-1) Ni(z ]JVVH><2HN+1>( 1)l/1 (](()J\;)(Z)zmdz

0
e
et ()

This shows that « is a non-zero real number with the same sign as (—1)%, which means
that o has the same sign as —&(s) with s > 0. Since limgg &(s) = 0 by (26), we have

_p(s) o«
lim —— =lim — = —
e T e
On the other hand, since it is also clear by (27) that lim,_,~ [£(s)| = 0o, we obtain

~

0 < lim =0.

s—)oo’f

2
< lim ——
s=o0 [£(s)|
Thus the third property (25) is shown to hold, which completes the proof for odd N.

For even N, q%N) (z) is an odd function. By replacing qéN)(z) by q%N) (z) in the above

argument, we can construct f and I' for which the second row of B vanishes. O

10



4.3 Proposed method to guarantee nonsingular systems of equations

Proposition 3 in Section 4.1 points out a difficulty of Nara—Ando’s algorithm (Algorithm
1). This difficulty, however, can be resolved by doubling the number of linear equations. In
this section, we shall show that the system of linear equations (7) forn =0,1,...,2N —1,
which has twice as many equations as the variables, is uniquely solvable for arbitrary poles
and open curves.

Let Ajs denote the matrix with M rows and N columns whose (i, j) entry is given by
a;j in (11). Similarly, let bys denote the M-dimensional column vector whose ith element
is given by b; in (11):

Anr = (ai)1<isma<jen € CMN by o= (bi)1<icm € CY. (28)

Note that A = Ax and b = by for the matrix A and vector b in (14). Then Theorem 2
means that ¢* in (1) satisfies
A]\/[C>|< = bM

for all positive integers M. This is equivalent to the fact that the linear equation
A MC = b M (29)

has a solution c* for all M.

The linear equation (29) with M = N used in Nara-Ando’s algorithm (Algorithm
1) is not always uniquely solvable. It would be natural to expect that Ap;c = by for
some M greater than N is uniquely solvable. Accordingly, we prove that Ay;c = by is
uniquely solvable when M = 2N, i.e., when the number of equations is twice the number
of variables.

Definition 1.
We define V' to be the complex vector space of all complex polynomials. For each polynomial
p = p1 + ip2, where p1 and pa are polynomials with real coefficients, p is defined by

p(2) = p1(2) — ip2(2)-
We define the inner product (-,-) : V. xV — C by

1 PR
(prq) = /F p(2)7(=)dz = / ().

-1

For all positive integers n, we define V,, to be the vector space of all complex polynomials
of degree at most n — 1:

Vi :=spang ({1, 2,...,2"1}).
We define {py, }n=0,1,2,... to be the normalized Legendre polynomials:

VITIA (2 (30)

Pn(2) = 2nnl  dzm

As is well known, these polynomials {py}n=0,12,.. are orthonormal with respect to the
inner product (-,-), i.e.,

<pm7pn> = Omn ::{ (1) (m#n) , m,nc {0,1,}

Theorem 3. The equation
Agye = bay (31)

has a unique solution.

11



Proof. Suppose that Aoyc = boy. We prove the unique solvability by deriving ¢ = ¢*
from this equation. By the definition of Asy and boy (cf. (13)), we have

/Q£N>(z)pc(z)f(z)dz—o, n=0,1,...,2N - L. (32)
r

Define f by

N—-1
CELCICEDS ( / pn<z>Pc<z>f<z>dz) p(2), (33)

which is intended to be a modification of P.(2)f(2) by lower order terms. We want to
show that f is the zero function.
From the orthonormality of {p,}, it holds that

/pn(z)f(z)dzzo, n=0,1,...,N -1, (34)
r
whereas, from the equation (32) and Lemma 1, it also holds that

/qSLN>(Z)f(z)dz:o, n=0,1,...,2N — 1. (35)
Iy

Since p, and q,(LN) are polynomials of degree n and N + n, respectively, the equations (34)

and (35) imply that
[p@i@az =0, pe iy, (36)
r
By the definition (33) of f, it can be expressed in the following form:

f(z) =

where P;(z) = Hivzl(z — 2i) € V41 and Po(z) € Van. Then we have
(Po.P) = [ PPz = [ PP () = 0
r r

where the last equality follows from (36) and Pi(z)P2(z) € Vay. Therefore P, = 0, and
hence f = 0.
Since f = 0in (33), Pc(2)f(2) is a polynomial, which implies, in turn, that ¢ = c*. O

Theorem 3 means that Algorithm 2 below can successfully solve all problem instances
including those constructed in the proof of Propositions 2 and 3.

Algorithm 2.

(1) From f(z) on I', compute a;; and b; in equation (11) fori = 1,2,...,2N and j =
1,2,....N.

(2) Solve the system Asnc = bay of 2N linear equations defined by (28) and let c* be a
solution.

(8) Solve the algebraic equation 2V — c*NzN_1 — - —c] =0 1n z and output the solutions
as 21,22y.-+9y2ZN-

Note that the linear system Asnyc = boy has twice as many equations as the variables,
and hence it is solved by the method of least squares in numerical simulation.

12



+ exact solution + exact solution
1.5 X numerical solution |4 1.5 X numerical solution |4

Re z Re z

Algorithm 1, Example 1 Algorithm 2, Example 1
Figure 3: Numerical results for Example 1 by the two algorithms

Remark 1. In the lz’near equatz’on Apye = by in (29), Ay = (ai5) and by = (b;)
are defined by {q ,q1 ), . ,qM 1} as in (11). It is also possible to define an equivalent

system of linear equations by using Legendre polynomials {pN'PN+1,---sDN+M—1}- Define
Ay = (aij) € CM*N gnd by = (b;) € CM by

i 1= / PN () e, b= / P () ()2,

and consider AMC = BM. As is shown below, there exists a nonsingular matriz C € CMxM
such that

Ay = CApy, by =Chbyy, (37)
which means that these two systems of linear equations are equivalent:
AMC = f)M <~ AMC = bM.

Such intimate connection to the Legendre polynomials gives another reason for the name
of “orthogonal polynomial approach” of the present method.
The proof of (37) is as follows. Denote the orthogonal complement of Viy by VJ\%, i.e.,

Vi ={peV|{pqg =0 gqecVy}

Since Vigrn = Vv & (Viren N Vﬁ), we have dim(Vasrin N Vﬁ) = M. Furthermore,
(N)

from Lemma 1, each qn ' is an element of V]# of degree N + n, which implies that

q(()N),qEN), .. .,q](w)1 are M linearly independent polynomials in Vyrin N V]#. Hence we
have Span({qo ,(A ... 7QJ(\]4V21}) = Vg NNy Similarly, span({pn, pN 1, - - -, DN+M—1})
=Vyinn V]#. Then it follows that
N) (N N
Spa’n({q(() )7 (J§ )7 s ,(15\/[21}) = Span({pN7pN+1) o apN*FMfl})- (38)
By (38), all polynomials in {q((]N), qu), o ,qj(élvzl} can be expressed as linear combinations
of {pN,PN+1,- -, PN+M—1} and vice versa. This shows the existence of C in (37).

4.4 Numerical comparison of the existing and proposed methods

In this section, Algorithm 1 (Nara—Ando’s algorithm) and Algorithm 2 proposed are nu-
merically compared. In this paper, Matlab(R2008b) was used for numerical simulations.
We used the data of the value of f with small noise in order to examine stability. The
two algorithms were applied to the following examples. For each example, we prepared 20
data sets with different noise and applied the two algorithm to each data set.

13



2 2
+ exact solution + exact solution
1.5 x numerical solution |4 1.5 x numerical solution |4
1 1
0.5 0.5
1= x 1= *
T 0 o0
-0.5 -0.5
-1 -1
-1.5 - -1.5 - - -
-2 -1 0 1 -2 -1 0 1
Re z Re z
Algorithm 1, Example 2 Algorithm 2, Example 2
Figure 4: Numerical results for Example 2 by the two algorithms
0.25 0.25
+ exact solution + exact solution
0.21 x numerical solution |] 0.2 x numerical solution []
0.15 0.15
X %
0.1 + 0.1 ®
X
o 0.05[ T D . 0.0 *
E =
- or X - 0
-0.05 -0.05
-0.1 -0.1
X
-0.15 X -0.15
-0.2 - - - -0.2 - - -
-2 -1 0 1 -2 -1 0 1

Re z

Algorithm 1, Example 3

Re z

Algorithm 2, Example 3

Figure 5: Numerical results for Example 3 by the two algorithms

(Example 1) Let f be given by

exp(7i/4)
2 — (0.2 + 0.6i)

exp(3mi/4)
2 — (—0.4+ 0.51)

exp(7i/2)
2 — (0.6 + 0.3)"

f(z) =

where N = 3. Let I' be the upper half unit circle.

This example is taken from [16]. The numerical result for this example shown in
Fig. 3 seems to indicate that the two algorithm have much the same performance for this
example.

(Example 2) Let f(z) =

z—2z1

1
s (arctan <) + 7T> —1=0.
s

Note that z; ~ 0.223i. Define I" := ([0, 1]), where

with z; = is, where s is a real number satisfying

v(t) :== 0.5 — (1.5 — t) exp(3it).

This example corresponds to the case considered in Proposition 2. According to Propo-
sition 2, when we apply Algorithm 1, a linear equation which is not uniquely solvable
should appear. Figure 4 shows the numerical results of estimating poles for Example 1
by Algorithm 1 and Algorithm 2. Comparison between the two algorithms shows that

14



the numerical solutions by Algorithm 1 are away from the exact solutions and have a
greater dispersion. This situation is supposed to be caused by the singularity of the linear
equation. Algorithm 2 does not show such difficulties, which implies that doubling the
number of the linear equation makes the equation nonsingular. The value of A and Asn
computed numerically without noises is as follows:

A= (222 x107" — 550 x 10714) = (0),

o — (22210719 =550 x 1071 ) 0
2N 1.22 x 10713 — 8.99i ~\ —8.99 )’

whereas ¢* = (z1) ~ (0.2231).
(Example 3) Let f(z) = Z_1z1 + Z_1Z2 with z1 = isq, 29 = is9, where s1 and s9 are real
numbers satisfying

1 553 +4/3 1 5s3 4+ 4/3
arctan <> + 7T — ?Fi/ =0, arctan <> + 2w — 8?5+7/ =0,
s1 98] + 351 So 585 + 382

respectively. Note that z; ~ 0.0982i, z2 ~ 0.0574i. Define I" := ([0, 1]), where
~(t) == 0.4 — (1.4 — 0.8t)(cos(bnt) + 0.11isin(57t)).

This example corresponds to the case of N = 2 in Proposition 3. The numerical results
by the two algorithms are shown in Fig. 5. The value of A3 computed numerically without
noises is as follows:

—5.09 x 1010 — 48.6i 3.52 — 8.93 x 1014
o — | 218X 1079 —-1.99 x 10719 3.17 x 10710 +2.20 x 1071%
N 1.62 x 1079 + 24.3i —1.76 — 7.68 x 1014
—3.17 — 4.99 x 107114 5.93 x 1072 — 0.2461
—48.61  3.52
_ 0 0
~ 24.31  —1.76
—3.17 —0.246i

Since the second row of Aoy is nearly equal to 0, the matrix A is almost singular. The
computed condition numbers of A and Agy are 5.46 x 100 and 3.24 x 10 respectively,
which implies that doubling the number of equations makes the linear system solvable.

5 Exact estimation algorithm from discrete data

In Algorithm 2 (proposed algorithm), as well as in Algorithm 1 (Nara—Ando’s algorithm),
the dense data on I' is needed to accurately compute the contour integrals for the coef-
ficients a;; and b; in (11). In actual situations, however, it is required to estimate poles
from data on a small number of sample points on I'. In such cases, numerical integration
must be used in place of integral, which would cause discretization errors.

Fortunately, we can design, by modifying our orthogonal polynomial approach, an
algorithm that gets rid of such discretization errors. Recall that Algorithm 2 is constructed
by considering polynomials that are orthogonal with respect to the inner product defined
by contour integral. We now consider a sequence of polynomials {p,,} that have a property
similar to orthogonality with respect to a sesquilinear form defined by discretized numerical
integration. We may compare {p,} to discrete orthogonal polynomials. By replacing

{qu)} by {pn}, we can construct an exact algorithm for pole estimation from data on
sample points.

15



5.1 Construction of the algorithm

A simple open curve whose end points are —1 and 1 can be represented by a homeomor-
phism ~ : [0,1] — T" such that y(0) = —1,7(1) = 1. Let us assume that we can observe

the value of f at K sample points I' expressed by

I'={y=7(s1),72=2(s2),...,76 =(sk)} CT,

where 0 = s < s9 <--- < sg = 1. In order to compute approximate values of contour
integral along I', we adopt the trapezoid rule with integration points I' and denote its
value by Ix(-):

Ix(g) == Ki‘l (9(v) + 9(vi41)) (41 — )

=1

Then I;(-) has the following property:

where A(T) := maxj<j<x 1 {741 — |}
Let a sesquilinear form (-, )z : V' x V' — C be defined by

(f1, f)p o= Ip(f1f2),

where f5 is defined in Definition 1. Note that (-, )7 does not satisfy the axioms of an inner
product.

This sesquilinear form (-, -) is an approximation of (-, -); the limit of (f1, f2), as A()
approaches 0, is (f1, f2) for all fi, fo € V. Hence, we assume

(p,p)p #0, p€Van\{0}, (39)
which holds for T’ with sufficient small A(T); see remark below.

Remark 2. We can verify the assumption (39) as follows. Define a symmetric matriz
Stan by

Re (29,205 Re (2%, 21 ... Re (20,23 1)5
Re (2!, 205 Re (z', 21 ... Re (1,237 1)
Sf,3N = .
Re (z3N71 2002 Re (3V7120: ... Re (3V71 23N-1).

Then the assumption (39) holds if St 5 is positive definite. This follows from the identity
Re(p,p)p =P ' St yyP+4' Sp5yd (40)

valid for any p = Z?]:Vl(pj + igj)2? =1, where p = (p1,p2,...,p3n)’ € RN and q =
(q1,q2,-..,q3n) " € R3N. Note that Re(p,p) > 0 for p # 0, and that Re(p,p) converges
to Re(p,p) as A(T') tends to 0. Therefore, the matriz S 4 is positive definite for I' with
sufficient small A(T), and the assumption (39) is satisfied by such T.

Definition 2. Let ¢(z) = z. We define {¢;j}j=01,.3nv-1 by the following recursive
formula:

wo(2) =1,

(. ({0, ¥po)s ,
o1(2) = ( (%m;)) e

on(2) = (2 = Bn) Pn-1(2) — Gnipn—2(2), n=2,3,...,3N -1,
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where

(Pn—2, ¢<Pn71>f

<90n717 w@n71>f - an<80n717 Qpn72>f
(on—2, Spnf?)f‘

, Bn=
" <§0n71’80n71>f*

Ay =

(41)

Furthermore, let {p;}j—o,,. 3v-1 be defined by

©n(2) (42)

) = sl

The system of polynomials {p;};—o1
the following lemma.

3N—1 has an orthogonality property shown in

-----

Lemma 2.

Proof. It follows from the equation (42) that |(ppn,pn)p| =1 for 0 <n <3N —1 and that
|(Di> Pn)i| = 0 if and only if [(p;, ¢n)p| = 0. Hence it is sufficient to show that

(ivpn)p =0, 0<i<n<3N-L1 (43)
We prove (43) by induction on n. For n = 1, the following equation shows that (43) holds:

(@0, Vo) i

o, vo)p = 0.
<9007<)00>f‘ < >F

<S007S01>f‘ = <9007¢900>f‘ -

For n > 2, the induction hypothesis for (43) gives the following equations:

(‘Pn—l: 90n>f‘ = <90n—17 ¢90n—1>f - ﬁn(‘pn—h Son—1>f - an<S0n—17 (Pn—2>f‘7
(P2, Pn)p = (Pn-2,VPn-1)F — n{Pn—2, Pn_2)7-

Substituting (41) into these equations we conclude that these values are equal to 0. For
i=0,1,...,n — 3, from the induction hypothesis, (¢;, ¢;); can be expressed as follows:

<90¢7 <Pn>f = {5, ¢90n—1>f - Bn<§017 <Pn—1>f - Oén<<Pi, <Pn—2>f

= (Vi, Pn—1)p- (44)
Since 1p; € V,,_1 can be expressed by a linear combination of g, ¢1, ..., @n_2, the value
of (44) is equal to 0, and (43) is proven by induction. O

We shall propose a new algorithm by replacing {qéN)} by {pn}, which can be computed
by discrete data. .
Fori=1,2,...,2N and j = 1,2,..., N, we define a;; and b; by

dij = Ip(Z 7 f(2)nio1(2), b= Ip(Z" f(2)Pn i1 (2)).
Furthermore, let /ng N and 132 N be as follows:

i (x INXN ¥ . (7 2N
Aoy = (@i5)1<i<ani<j<n € C , ban = (b;)1<i<on € C.

These values can be accurately computed from f(z) on the sample points I

Theorem 4. . }
If ¢ = c*, then Asyc = bay holds. The converse is also true under the assumption (39).

17



Proof. From the definition of flg N and f)g N, the 7th element of Bg N — 1212 NC is expressed
as follows:
(bon — Aane)i = Ip(Pe(2) f(2)BN+i-1(2)), i =1,2,...,2N.
If ¢ = c*, then P.(z)f(2) € Vi, and hence it follows from Lemma 2 that
(bon — Aane); = (Pe(2) f(2), Pn+i-1(2))p =0, i=1,2,...,2N,

which shows that ¢ = c* implies Asne = bay.
Conversely, if Asyc = by, then

I+(Pe(2) f(2)pn(2)) =0, n=N,N+1,...,3N — 1. (45)
Let {fi}i=12,.. n+1 be defined by
fi1(2) == Pe(2)f(2),

fi+1(2) == fi(z) — If(fl}T—l)

————pN-i(2), [=1,2,...,N.
(PN—Z,PN—OF (2)

Lemma 2 and the equation (45) yield that the functions {f;};=12, . n1 satisfy
Is(fipn) =0, n=N—-I1+1,N—-1+2,...,3N —1.
Consequently, since each p, has degree n, it follows that

It (fn+1p) =0, p€ Vsn. (46)

By the definition of {f;}, fnv4+1 — Pef € Vn holds, and so fyy1(z) can be expressed as
follows:

fya(z) = IJZE; (47)

where Py (z) = Hi\;l(z —2k) € V41 and P(z) € Van. Then the following equation holds:
It (fn+1(2) Pu(2) Pa(2)) = Ip(Pa(2) Pa(2)) = (P2, Pa)g. (48)

Meanwhile, it follows from the equation (46) and the condition P;(z)P2(z) € Van that
the value of (48) is equal to 0, and therefore P, = 0 under the assumption (39). By the
definition of Ps, it follows that

PZ(Zk’)::uk’ H (Zk—Zl)Pc(Zk):O, k:1727"'7N'
1<I< NIk

Since g H1<l<Nl;£k(Zk — z1) # 0, we must have Pc(zx) = 0 for £ = 1,2,..., N, which
means ¢ = c*. This shows that AQNC = BQN implies ¢ = ¢* under the assumption

(39). O
In view of this theorem, we propose the following algorithm.

Algorithm 3.

(1) From f(z) on T, construct the system of 3N polynomials {Pn}o1,. 3nv—1 defined in
Definition 2.

(2) From f(z) on T, compute ai; and b; in equation (11) for i = 1,2,...,2N, j =
1,2,...,N.

(3) Solve the system Agnc = bon of 2N linear equations defined by (28) and let c* be a
solution.

(4) Solve the algebraic equation 2N — ci 2
as 21,22y.-.4y2ZN-

N=l_...— ¢t =0 in 2z and output the solutions

18



5.2 Numerical examples for exact estimation algorithm

In this subsection it is numerically demonstrated that the proposed Algorithm 3 is free
from numerical discretization error. In these numerical experiments, we use data of the
values of f without noise. Algorithm 2 and Algorithm 3 are applied to the following
rational function having 4 poles:

f(z) = mi/4 exp(3mi/4)
2~ (02+0.61)  z— (—0.4+050)
exp(7i/2) exp(2mi/3)

+

Zz—(06+0.30)  z—(—0.7+0.2i)

This function is taken from the paper [16] by Nara and Ando. Sample points were placed
evenly spaced apart on I', where I' is the upper half of unit circle or the straight line
segment [—1, 1]. The results of estimation by the two algorithms are shown in Fig. 6 and
7, where K denotes the number of sample points. For all examples in Fig. 6 and 7, the
assumption (39) holds, which can be verified by the criterion in Remark 2. The figure
show that, in Algorithm 2, although numerical errors decrease as increasing the number
K of sample points, these errors still remain. On the other hand, such errors seems to be
eliminated in Algorithm 3.

6 Conclusion

This paper presented a new interpretation of Nara—Ando’s algorithm for pole estimation
(Problem 1) by featuring certain polynomials implicit in the algorithm and highlighting
their orthogonality property. The unique solvability of the linear equation in Nara—-Ando’s
algorithm was considered in detail. It was found that there exist an infinite family of
problem instances for which the linear equation becomes singular. An improved algorithm,
in which the number of the equations is doubled, was then proposed with a theoretical
guarantee that the resulting linear equation is always uniquely solvable. Furthermore, in
order to cope with errors caused by discretization in numerical integration, a new algorithm
was proposed by introducing polynomials that have a kind of orthogonality property with
respect to discretized numerical integration. The proposed algorithm is completely free
from discretization errors caused by numerical integration, and this property was confirmed
by numerical examples.
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Appendix A : Proof of Proposition 1
We first show that S is a closed subset of (C\ I')"V. Define 1 : (C\ T)" — C by

n(z1,22,...,2n) = detB,

where B = (b;;)1<; j<n is the matrix defined by (15). Note that the domain D := (C\I')¥
of 1) is an open connected subset of CV. Each b;;, which is dependent only on z;, is analytic
on D, and therefore 7 is also analytic on Dj see, e.g., [8] for analytic functions in several
variables.

19



1.5
1 e 1 R
N . % . N L * .
s 05 S 5 s 05 S L
- + . - * .
0 B X ‘ 0 B B
-0.5 -0.5
-1 0 1 -1 0 1
Re z Re z
Algo.2, K = 16 Algo.3, K = 16
1.5 1.5
E 0.5 s *+ * E 0.5 B * *
Dok o ;o o
0 . . 0 . .
-0.5 -0.5
-1 0 1 -1 0 1
Re z Re z
Algo.2, K = 32 Algo.3, K = 32
1.5 1.5
p K ) * ®e . . ~ .‘.-.! * l... .
E 0.5 F * A e 0.5 7 * kY
0 H H 0 H H
-0.5 -0.5
-1 0 1 -1 0 1
Re z Re z

Algo.2, K = 64 Algo.3, K =64

sample point
+ exact solution
X numerical solution
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unit circle
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Figure 7: Comparison between Algorithm 2 and Algorithm 3, where I' is the line segment
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The subset S of D, defined as the set of all (21, 29, ..., zx) € D for which B is singular,
can be expressed as the zeros of n:

S ={(z1,22,...,28) € D | n(z1,22,...,2n) = 0}.

Since 7 is a continuous function, S is a closed subset of D.

To prove, by contradiction, that S is a set with empty interior in D, we assume that
S contains an open nonempty set. This assumption means that the analytic function 7
vanishes on an open nonempty subset of D. Then, from the identity theorem [8], n is
the zero function. We can obtain a contradiction by constructing (z1, 22, ..., 2n) € D for
which n(z1,29,...,2n5) # 0.

Let zg be the minimum of I' N R and let z1,z22,...,2x5 be real numbers satisfying
20 > 21 > --- > zn. Suppose that Bc = 0 for ¢ = (c1,¢2,...,cn)" € CN. We derive c = 0
from this equation to prove the nonsingularity of B, which means 1(z1, 22,...,2n5) # 0.

From Cauchy’s integral theorem and the definitions of 2y, each b;; in (15) can be
expressed as

1
bij Z/ij_vf(Z)l,dZZ/ qgj_vl)(Z);dZ
r 2=z 1

J - ZTE
since zj < zp for j =1,2,..., N. Hence, Bc = 0 means that
N
/FqﬁbN)(z);Z_JZde—O, n=0,1,...,N — 1. (49)

Using the normalized Legendre polynomials p,, in (30), we define f by

~ N c: N-1 1 e
ORI N I O S B PO} (50)
j=1 7 =0 \’/~1 j=1 J

which is intended to be a modification of Fc(z)f(z) by lower order terms. We want to
show that f is the zero function.
From the orthonormality of {p,}, it holds that

/1 pn(z)f(z)dz:o, n=0,1,...,N —1, (51)
-1

whereas, from the equation (49) and Lemma 1, it also holds that

/1 qT(lN)(z)f(z)dz:O, n=0,1,...,N — 1. (52)
—1

Since p, and q,%N) are polynomials of degree n and N + n, respectively, the equations (51)

and (52) imply that
1
| iz =0, peva. (53)
~1
By the definition (50) of f, it can be expressed in the following form:

F(z) = §§§

where Py(z) = [[o,(z — 2) € Vi1 and Py(z) € Vay. Then we have

Lip(2))2, 1@ o )
/—1 Py(z) dz_/—1 Pi(z2) dz_/_1p2(z)f(z)dz—0,
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where the last equality follows from (53) and P(z) € Van. Since 2y < -+ < 21 < 29 < —1,
we have Pi(z) = [[o,(z — zx) > 0 for all z € [~1,1], which implies that |Py(z)|?> = 0 for
all z € [~1,1]. Therefore P, = 0, and hence f = 0.

Since f =0 in (50), ZN % has no poles, which implies, in turn, that ¢ = 0. O

j=1 Z—Zzj5
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