{: SCISPACE

formerly Typeset

@ Open access - Journal Article - DOI:10.1137/0916008
A modified Prony algorithm for exponential function fitting — Source link [

Michael R. Osborne, Gordon K. Smyth

Published on: 01 Jan 1995 - SIAM Journal on Scientific Computing (Society for Industrial and Applied Mathematics)

Topics: Prony's method, Exponential stability, Exponential function and Curve fitting

Related papers:

« On the consistency of Prony's method and related algorithms

» A Modified Prony Algorithm for Fitting Functions Defined by Difference Equations
« Some Special Nonlinear Least Squares Problems

« ESPRIT-estimation of signal parameters via rotational invariance techniques

« Exact maximum likelihood parameter estimation of superimposed exponential signals in noise

Share thispaper: @ ¥ M ™

View more about this paper here: https:/typeset.io/papers/a-modified-prony-algorithm-for-exponential-function-fitting-
2mgozu2bk6


https://typeset.io/
https://www.doi.org/10.1137/0916008
https://typeset.io/papers/a-modified-prony-algorithm-for-exponential-function-fitting-2mqozu2bk6
https://typeset.io/authors/michael-r-osborne-3qtdlw040g
https://typeset.io/authors/gordon-k-smyth-x0g3vf1aoj
https://typeset.io/journals/siam-journal-on-scientific-computing-162j53kf
https://typeset.io/topics/prony-s-method-1d7gtshn
https://typeset.io/topics/exponential-stability-czp7d85l
https://typeset.io/topics/exponential-function-372dcsp4
https://typeset.io/topics/curve-fitting-ynw80z4i
https://typeset.io/papers/on-the-consistency-of-prony-s-method-and-related-algorithms-726653ktfm
https://typeset.io/papers/a-modified-prony-algorithm-for-fitting-functions-defined-by-nl73tm3064
https://typeset.io/papers/some-special-nonlinear-least-squares-problems-4kgns6ueua
https://typeset.io/papers/esprit-estimation-of-signal-parameters-via-rotational-40ewbbachz
https://typeset.io/papers/exact-maximum-likelihood-parameter-estimation-of-1zuo0vbdj3
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/a-modified-prony-algorithm-for-exponential-function-fitting-2mqozu2bk6
https://twitter.com/intent/tweet?text=A%20modified%20Prony%20algorithm%20for%20exponential%20function%20fitting&url=https://typeset.io/papers/a-modified-prony-algorithm-for-exponential-function-fitting-2mqozu2bk6
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/a-modified-prony-algorithm-for-exponential-function-fitting-2mqozu2bk6
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/a-modified-prony-algorithm-for-exponential-function-fitting-2mqozu2bk6
https://typeset.io/papers/a-modified-prony-algorithm-for-exponential-function-fitting-2mqozu2bk6

STAM Journal in Scientific Computing, Volume 16 (1995), pages 119-138.

A MODIFIED PRONY ALGORITHM FOR EXPONENTIAL
FUNCTION FITTING

M. R. OSBORNE* AND G. K. SMYTHT

Abstract. A modification of the classical technique of Prony for fitting sums of exponential
functions to data is considered. The method maximizes the likelihood for the problem (unlike the
usual implementation of Prony’s method, which is not even consistent for transient signals), proves
to be remarkably effective in practice, and is supported by an asymptotic stability result. Novel
features include a discussion of the problem parametrization and its implications for consistency.
The asymptotic convergence proofs are made possible by an expression for the algorithm in terms of
circulant divided difference operators.

Key words. Prony’s method; Pisarenko’s method; differential equations; difference equations;
nonlinear least squares; inverse iteration; asymptotic stability; Levenberg algorithm; circulant ma-
trices.

AMS subject classifications. 62J02 65D10 65U05

1. Introduction. Prony’s method is a technique for extracting sinusoid or ex-
ponential signals from time series data, by solving a set of linear equations for the
coefficients of the recurrence equation that the signals satisfy [24] [22] [17]. It is closely
related to Pisarenko’s method, which finds the smallest eigenvalue of an estimated co-
variance matrix [32]. Unfortunately, Prony’s method is well known to perform poorly
when the signal is imbedded in noise; Kahn et al [14] show that it is actually incon-
sistent. The Pisarenko form of the method is consistent but inefficient for estimating
sinusoid signals and inconsistent for estimating damped sinusoids or exponential sig-
nals.

A modified Prony algorithm that is equivalent to maximum likelihood estimation
for Gaussian noise was originated by Osborne [28]. It was generalized in [39] [30]
to estimate any function which satisfies a difference equation with coefficients linear
and homogeneous in the parameters. Osborne and Smyth [30] considered in detail
the special case of rational function fitting, and proved that the algorithm is asymp-
totically stable in that case. This paper considers the application to fitting sums of
exponential functions.

The modified Prony algorithm for exponential fitting will estimate, for fixed p,
any function p that solves a constant coefficient differential equation

p+1

(1) > &D =0
=1

where D is the differential operator. Perturbed observations, y; = u(t;) +¢€;, are made
at equi-spaced times t;, ¢ = 1,...,n, where the ¢; are independent with mean zero
and variance 2. The solutions to (1) include complex exponentials, damped and
undamped sinusoids and real exponentials, depending on the roots of the polynomial
with the & as coeflicients. The modified Prony algorithm has the great practical
advantage that it will estimate any of these functions according to which best fits the
available observations.
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2 M. R. OSBORNE AND G. K. SMYTH

Although the algorithm estimates all functions in the same way, the practical
considerations and asymptotic arguments differ depending on whether the signals are
periodic or transient, real or complex. This paper therefore focuses on the specific
problem of fitting a sum of real exponential functions

(2) plt) = 3 age !

to real data. The o; and B; will be assumed real, the 3; distinct and generally
non-negative. This paper is mainly concerned with proving the asymptotic stability
of the algorithm, but several practical issues are also addressed. The algorithm has
been applied elsewhere to real sinusoidal signals [21] [14] and to exponentials with
imaginary exponents in complex noise [18].

Real exponential fitting is one of the most important, difficult and frequently
occuring problems of applied data analysis. Applications include radioactive decay
[38], compartment models [2, Chapter 5] [37, Chapter 8], and atmospheric transfer
functions [46]. Estimation of the a; and 3; is well known to be numerically difficult
[19, p. 276] [43] [37, Section 3.4]. General purpose algorithms often have great dif-
ficulty in converging to a minimum of the sums of squares. This can be caused by
difficulty in choosing initial values, ill-conditioning when two or more 3; are close, and
other less important difficulties associated with the fact that the ordering of the §; is
arbitrary. The modified Prony algorithm solves the problem of ordering the 3; and
is relatively insensitive to starting values. It also solves the ill-conditioning problem
as far as convergence of the algorithm is concerned, but may return a pair of damped
sinusoids in place of two exponentials which are coalescing.

In some applications the restriction to positive coefficients o is natural. A convex
cone characterization is then possible, and special algorithms have been proposed in
[6] [46] [15] [10] [35]. We prefer to treat the general problem with freely varying coeffi-
cients since this is appropriate for most compartment models. A common attempt to
reduce the difficulty of the general problem has been to treat it as a separable regres-
sion, i.e., to estimate the coefficients by linear least squares conditional on the rate
constants (3; as in [44] [20] [1] [12] [16] [40]. Another approach has been suggested by
Ross [34, Section 3.1.4] who suggests that the coefficients of the differential equation
(1) comprise a more “stable” parametrization of the problem than do the parameters
of (2). Both of these strategies are part of the modified Prony algorithm.

The modified Prony algorithm uses the fact that the pu(t;) satisfy an exact dif-
ference equation when the ¢; are equally spaced. The algorithm directly estimates
the coefficients, 7, say, of this difference equation. In Section 3 it is shown that the
residual sum of squares after estimating the a; can be written in terms of the .
The derivative with respect to v = (y1,...,7+1)7 can then be written as 2B(¥)~,
where B is a symmetric matrix function of . The modified Prony algorithm finds
the eigenvector of B(7)~y = Ay corresponding to A = 0 by the fixed point iteration in
which v¥*1 is the eigenvector of B(~*) with eigenvalue nearest zero. The eigenvalue
A is the Lagrange multiplier for the scale of 4 in the homogeneous difference equation.
Inverse iteration proves very suitable for the actual computations.

Jennrich [13] shows that, under general conditions, least squares estimators are
asymptotically normal and unbiased with covariance matrix of O(n~!). Under the
same conditions the Gauss-Newton algorithm is asymptotically stable at the least
squares estimates. For the results to apply here, it is necessary that the empirical
distribution function of the ¢; should have a limit as n — oco. Since the ¢; are equally
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spaced, it is sufficient that they lie in an interval independent of n. Without loss
of generality we take this interval to be the unit interval and assume that ¢; = i/n,
1=1,...,n.

Difference equation parametrizations for the exponential functions are discussed
in the next section. The modified Prony algorithm is given in Section 3. It is com-
pared with Prony’s method and another algorithm of Prony type, and the equivalence
of the various parametrizations is discussed. The algorithm is shown to be asymp-
totically stable, and 02 B(4)" is shown to estimate the asymptotic covariance matrix
of the least squares estimator 4 in Section 4. Section 5 shows how the algorithm can
accommodate linear constraints on the 7;. Such constraints may serve for example to
include a constant term in p(t) or to constrain it to be a sum of undamped sinusoids.
A small simulation study is included in Section 6 to illustrate the asymptotic results
and to compare the modified Prony algorithm with the Levenberg algorithm.

The asymptotic convergence proofs involve lengthy technical arguments and are
relegated to the appendix. The proofs are made possible by an expression for the
algorithm in terms of circulant divided difference operators. Circulant methods have
often been applied to differential and difference equations, for example in [45] [26]
[11] [7]. The theory of circulant matrices was put on a firm basis with the work of
Davis [8]. The methods are used here somewhat differently, to compute certain matrix
multiplications analytically.

2. Difference and Recurrence Equations. Suppose that u(t) satisfies the
constant coefficient differential equation (1), and that the polynomial

p+1

(3) pe(2) = &2t
k=1

has distinct roots —3; with multiplicities m; for j = 1,...,s. Then (1) may be
rewritten as

S

[T+ 8;0)mu(t) =o.

j=1
The general solution for p may be expressed as

s my

wu(t) = Z Z ajktk_le_'@jt

j=1 k=1

writing o for the coefficients of the fundamental solutions. The roots §; may in
general include complex pairs. If so, then the real part of p will contain linear combi-
nations of damped trigonometric functions e~Re%it sin(Img;t) and e =84t cos(Imp;t).

Now consider discrete approximations to the differential equation. Let II be
the forward shift operator defined by Ilu(t) = u(t + 1), and let A be the divided
difference operator A = n(II — I). It is easy to verify that the operator (A + (;I)™
with ¢; = n(1 —e~%/") annihilates the term t™~!e~Fit. Therefore y also satisfies the
difference equation

[T +¢0mut =o.
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which can be written as

p+1
(4) > AR ut) =0
k=1

for some suitable choice of 7. The v, will be called the difference form Prony param-
eters. The (; and 7, represent discrete approximations to the 8; and & respectively,
in the sense that ¢; — 3; and v, — & as n — oo.

For some purposes a simpler discrete approximation is that in terms of the forward
shift operators. The function t™~!e~%? is also annihilated by the operator (IT— p; D™
with p; = e~Pi/m Therefore p also satisfies the recurrence equation

S

[T = ps)™pu(t) =0
j=1
which can be written as

p+1

(5) > G u(t) =0
k=1

for some ;. We call the d;, the recurrence form Prony parameters. Since p; —
1 as n — oo, the J; must converge to some multiple of the binomial coefficients

(—=1)P=k+1(, P ), a limit which is independent of the ;.

The relationship between the difference and recurrence parameters can be exhib-
ited by equating

p+1 p+1

> oAt =3 gt
k=1 k=1

which when solved for the ¢ gives
p+1
_i(k—=1\ 4_
¢ = Z(_l)k ! (j _ 1>nk Y-
k=j

That is, ¢ = U~ where U is the nonsingular matrix

1 -1 1 .- (—=1)?
1 -2 1
1 n
(6) U=
L -0 .
and ¢ = (c1,...,cp1)T. Obviously ¢ and § are re-scaled versions of one another. The

notational convention will be used that ¢ represents the above function of v while §
is a function of the rate constants /3; with elements scaled to be O(1).

For the reasons given in the introduction, we will henceforth assume that the
roots of pe(-) are distinct and real, so that the general solution for p(t) collapses to
the sum of real exponential functions (2). The coefficients of the differential equation
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&, can then be expressed as the elementary symmetric functions of the 3;. If the &
are scaled so that £,41 = 1, then the £, are given by

(p*’chrl)
&= Y. I s
j=1 (ey,

where Jy ; for j =1,..., (p—£+1) are the possible sets of size p — k + 1 drawn from
{1,...,p}. Write this as £ = S(8), after gathering the ¢, and the 3; into respective
vectors. Similarly, in an obvious notation, v = S(¢), if v is scaled so that v,41 = 1,
and 6 = S(—p), if § is scaled so that 6,11 = 1.

3. A Modified Prony Algorithm.

3.1. Nonlinear Eigenproblem. Let p; = u(t;),i =1,...,n,let = (g1, .., pin)7
and let X5 be the n x (n — p) matrix

01

Spin

where the §; are the recurrence parameters. Then u satisfies
Xipu=0

which is the matrix version of the recurrence equation (5). Alternatively, we can
substitute c; for d in X5 and write the resulting matrix X, as a function of the
difference parameters v using ¢ = U~. Then

XIp=0

is the matrix version of the difference equation (4).

We now treat the exponential fitting problem as a separable regression, and use
the above matrix equations to give an expression for the reduced sum of squares. Let
A be the n x p matrix function of 8 with elements A;; = e Piti and write

n=A(B)a
where o = (o, ...,a;,)T. Then A is orthogonal to both X5 and X, and, if the 3;
are distinct, all matrices are of full column rank. Let y = (y1,...,%,)" be the vector

of observations. The sum of squares
P, B) = (y —m)" (y — 1)
is minimized with respect to a by
a(B) = (ATA) "' ATy.
Substituting &(3) into ¢ gives the reduced sum of squares

P(B) = ¢(&(B),B)
y' (I - Pa)y
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where P4 is the orthogonal projection onto the column space of A. The function
1 is the variable projection functional defined by Golub and Pereyra [12]. We can
reparametrize to the Prony parameters by writing

(7) v =y" Pxy

where Py is the orthogonal projection onto the common column space of X5 and X,.
Then v is a function of either § or ~.

We now solve the least squares problem with respect to the Prony parameters.
The derivative of 1 with respect to v can be written

Yy =2B, ()~

where B, is the symmetric (p + 1) X (p + 1) matrix function of « with elements
(8)  Byij = yTX'yi(X»?X’y)ilX%y - YTX’y(Xf?X'y)ilez‘X'yj(XgX'y)ingy

and where X,; = 0X,/0v;. Each X,; is a constant matrix representing the j — 1th
order divided difference operator [30]. Since the scale of v is disposable, we will adjoin
the condition 47 = 1 so that the components of v are O(1). A necessary condition
for a minimum of (7) subject to the constraint is

9) (By(v) =AMy =0

where A is the Lagrange multiplier for the constraint. This condition corresponds to
a special case of the problem considered by Mittleman and Weber [23] and described
by them as a nonlinear eigenvalue problem. This is not the usual form of nonlinear
eigenvalue problem in which the nonlinearity is in the eigenvalue A\ only, and it ap-
pears to have been little studied otherwise. Our special case possesses one feature of
the ordinary eigenvalue problem not enjoyed by the general form considered in [23].
Solutions to (9) are independent of change of scale, and as a further consequence the
corresponding eigenvalues satisfy A = 0. This follows because ¥ (v) is homogeneous
of degree zero in . In [30] it is shown that this implies v7 B,y = 0 at all points at
which 1)(v) is well defined, and this implies the result.

The modified Prony algorithm solves (9) using a succession of linear problems
converging to A = 0. Given an estimate 4* of the solution 4, solve

[By(v*) = NHUYE =0
,Yk+1T,7k+1 - 1
with A**! the nearest to zero of such solutions. Convergence is accepted when \F+1
is small compared to ||B,||. Inverse iteration has proved very satisfactory for solving
the linear eigenproblems. A detailed algorithm is given in [30].
An exactly analogous version of the algorithm can be developed in terms of the
recurrence parameters. The derivative of 1) with respect to 9§ is

s = 2B5(8)8

where B; is as for B, with X5 replacing X, and with the shift operator Xs; =
0X5/06; replacing X ;. Up to a scale factor, Bs is UT B,U where U is given by (6).
The difference and recurrence versions of the algorithm are distinct algorithms, but
share the same stationary values. The recurrence version was the original algorithm



A MODIFIED PRONY ALGORITHM 7

developed in [28]. In this paper most emphasis will be given to the difference version
because of its suitability for asymptotic arguments.

Some care is needed in considering the reparametrization from @ to the Prony
parameters. The Prony parametrizations are more general, since the difference and
recurrence equations may yield more general solutions, possibly including repeated
roots and damped trigonometric functions, than the sum of exponential functions
given by (2). Since v and d may take values for which there is no corresponding sum of
exponentials, solving the least squares problem with respect to the Prony parameters
as above is not necessarily equivalent to solving with respect to 3. Theorem 3.1 which
is proved in [28] and [39] shows that the Prony parametrization does in fact solve the
exponential fitting problem, in the sense that if 8 minimizes the sum of squares
then the corresponding elementary symmetric functions give Prony parameters which
satisfy (9).

THEOREM 3.1. Let v(8) = ||s||~!s, with s = S(¢) and ¢ = n(1 — e‘ﬁ/”). Ifp
solves z/}ﬂ =0, and the B; are distinct, then v(8) solves 1&7 =0.

3.2. Other Algorithms. Prony’s classical method for exponential fitting con-
sisted of solving the linear system

Xy=0

with respect to d to interpolate p exponentials through 2p points. The direct gener-
alization to the overdetermined case, which consists of minimizing the sum of squares

(10) y' X5 Xy

subject to dp4+1 = 1is now called Prony’s Method. Minimizing (10) subject to oTe=1
is equivalent to finding the smallest eigenvalue of the (p+1) X (p+ 1) matrix M with
components

M;; = yTXang;-y,

and this is often called Pisarenko’s Method or the Covariance Method. Applications
and references are given in [22]. Because of their simplicity, the methods of Prony
and Pisarenko have enjoyed considerable popularity over the last three decades, and
the techniques have been adapted to other problems, for example [4] [42] [33] [9].

Comparing with (7) it can be seen that (10) ignores the factor (X7 X5)~! in the
objective function. While Prony’s and Pisarenko’s methods are consistent as o2 | 0,
Kahn et al [14] show that neither algorithm is consistent as n 1 co for estimating
exponentials or damped sinusoids. The methods are useful only for low noise levels
regardless of how many observations are available. For estimating pure sinusoids,
Kahn et al show that Pisarenko’s method is consistent but not efficient while Prony’s
remains inconsistent; see also [36] [41] [21].

Another attempt is that of Osborne [27] and Bresler and Macovski [5]. They
identify the correct objective function (7), and propose an eigenvalue iteration for
minimizing it. However they apply reweighting to the objective function rather than
to a modification of the necessary conditions (9), and this has the effect of ignoring
the second term in the expression (8) for Bs. Their algorithm does not minimize v,
but does give consistent estimators of transient signals if a particular choice of scale
is made; see [14].
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3.3. Calculation of B. A general scheme for the calculation of the matrix B,
is given in [30]. Some simplification occurs for exponential fitting. The ngy are
the divided differences of the y; of successive orders. Similarly for the X, ;w where
w = (XWTXV)_IXWTy. The matrix X, is Toeplitz as well as banded, so only p + 1
elements need to be stored; these are calculated from ¢ = U~ with U defined by (6).
The matrix Xf X, is banded, as is its Choleski decomposition, with p sub-diagonal
bands.

The calculation of By is even simpler. The elements of X require no calculation
given 8. The Xéij are simply windowed shifts of y, and

n—p—li—j|
yTXa(X?Xa)_lXﬁXg}(XaTXs)‘ley = Z Uk Ukt |i—j|
k=1

where the vy, are the components of v = (X7 X;5) "' X!y. See also [28]. The simplicity
of the recurrence form tempts one to calculate the difference form Prony matrix from
it by B, = U~TBs;U~!. This turns out to be equivalent to

B = n_2p(Ai_1TB§Aj_l)ij

Vg
where A is the divided difference operator. Unfortunately the elements of By are large
and nearly equal, so this calculation involves considerable subtractive cancellation and
is not recommended.

3.4. Recovery of the rate constants. Having estimated « or §, we can obtain
p directly from equation (5) of [30]. Usually though it will be necessary to recover
the rate constants §; for the purpose of interpretation. Given the recurrence form
parameters we solve ps(z) = 0 to obtain roots p; = e~%/". For large n this is an
ill-conditioned problem because the p; cluster near 1. Another aspect of the same
problem is that asymptotically the leading significant figures of the J; contain no
information about the f;.

This problem does not arise in the difference formulation. Given the difference
parameters we solve p,(z) = 0 to obtain roots ¢; = n(1 —e~#/"), and the final step

B; —nlog(1l —¢;/n)

= anfl(Cj/”)j

will cause problems only in the unlikely event that ¢; is large and negative. Unfortu-
nately a non-negligible amount of subtractive cancellation does occur in another part
of the difference form calculations, namely when forming the X:;ij in the calculation
of B,.

4. Asymptotic Stability. The key result for stability of the modified Prony is
the convergence of the matrix %B7 to a positive semi-definite limit. The expectation
of B, is 02 times the Fisher information matrix for 4 given «, namely E[o%4),/2].
This is shown in Section 7 of [30] to be /'JE;PX ft, where f1 is the gradient matrix of
p with respect to ~.

THEOREM 4.1.

1 ~ a.s.
ﬁBv (¥) = Jo
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as n — 0o where

. 1. .
Jo = lim —p2 Pxfu (7o)

n—o00 N

is o2 times the limiting Fisher information per observation. Also Jy is positive semi-
definite with null space spanned by .

Among the consequences of this theorem are that the Moore-Penrose inverse of
1B, () estimates the asymptotic covariance matrix of \/n4/c, and that the zero
eigenvalue B, () is asymptotically isolated with multiplicity one.

It is show in [30] that the derivative at 4 of the iteration function defined by the
modified Prony algorithm is

Gn(y) = Bv('Y)+B“/ ()

The algorithm is linearly convergent with limiting contraction factor given by the
spectral radius of Gy,(¥) [31]. Theorem 4.2 combines Theorem 4.1 with the result
that + B, (%)% — 0.

THEOREM 4.2.

G (%) =¥ 0
as n — 0o.

A corollary is that the algorithm is asymptotically stable at 4. The spectral
radius of G, (%) can in fact be shown to be O(1/+/n) in probability.

Theorem 4.2 applies also to the recurrence version of the algorithm, as can be seen
from Theorem 4.1 of [30]. There is however no corresponding recurrence version of
Theorem 4.1. The recurrence matrix Bs has in fact a very interesting eigenstructure
dominated by powers of n. Let H be the p X p matrix with elements

Hi; = (-1)" <Z B i)

for i < j and 0 otherwise. Then

so that

Bs—=HT B HL.

1 1

Let fx be the polynomial of degree k — 1 which satisfies fr(i) =0, fori=1,...,k—1,
and fi(k) = 1. Let hy = (fx(1),---, fr(p+1))". Then HTh, = ey is the kth
coordinate vector, so the hy are the columns of H~7, and
p+1 , _
Bs = Y nPHppmittHTeel Beje] H'
ij=1
p+1
> P PR hih !
1, 3 ] M
ij=1
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The following argument shows that, while Bs has a zero eigenvalue when evaluated
at & , the other eigenvalues have orders which are increasing odd powers of n.

Firstly, for large n, all proper submatrices of By (%) are nonsingular. This follows
because 41 and 4,41 are nonzero (none of the true rate constants 3y; may be zero)
and 4 spans the null space of B, (%). In particular, the diagonal elements of B, (%)
are nonzero—from Theorem 4.1 they are O(n). Let x1,...,Xp41 be the orthonormal
sequence obtained from hy,...,h,;; by Gram-Schmidt orthonormalization. This is
equivalent to

x, = (HH")"/?hy,

where (HH™)/? is the Choleski factor of HH”. The largest and smallest eigenvalues
are given by the extreme values of the Rayleigh quotient:

A = max z! Bsz ,  Apy1 = min 2" Bsz. .
zTz=1 zTz=1

Asymptotically, these are achieved by z = x; = (p + 1)~/21 giving \; = O(n?P*1),
and z = x,11 giving Apy1 = O(n). Defining the remaining eigenvalues recursively,
the kth eigenvalue of Bs in decreasing order is asymptotically equal to

max ZTB(;Z
szj:(),j<k
zT z=1

which is asymptotically achieved by z = xj, and is O(n?P+1=2(k=1)),

5. Including a Linear Constraint. Two methods of handling one or more
linear constraints on the 8; are considered. The first is convenient with the recurrence
form algorithm. The second is convenient when including a constant term with the
difference form algorithm.

Suppose prior information about < can be expressed as the linear constraint
gT~ = 0. For example the constant term model

p
(11) pt) = oy + Y aze ¥t
j=2

corresponds to 3; = 0 and hence to ef~ = 0 in the difference formulation or 17§ = 0
in the recurrence formulation. The appropriate objective function is

F(v, A\ v) =¢() + A1 =~") + 2vsy" g

where A and v are Lagrange multipliers, and s is a scale factor chosen for numerical
conditioning. Differentiating gives

F7 = 2B,(v)y —2Xy +2vusy
By = 1-9"
F, = 2svTg .

The necessary conditions for a minimum may be summarized as the generalized eigen-
problem

(12) (A=AP)v=0, viPv=1
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_ B, sg | (I, 0
A_<ng O)’ V—(V)and P—(O R

Premultiplying the equation FA, = 0 by 77 shows that A must be zero at a solution
of (12). The eigenproblem is solved by solving the sequence of linear problems

with

(13) (A" = APy vt =0, VM PR =1

This modifies the detailed algorithm given in Section 5 of [30]. The inverse iteration
sequence, which finds the eigenvalue of A(4*) closest to zero, now becomes

[ =1
nt =0
vl := current estimate of ~y

repeat (inverse iteration)
witl .= (A —n'P)~1Pv!

vitl = Pwitl /| Pw! T o
wit2 .= (A _ an)—lvl+1
nl+2 = nl + Wl+2TVl+1/Wl+2TWl+2
vitz .= Wl+2/||Pwl+2||2
I =142

until [n! — 72| <e.
The eigenvalues of (13) are unaffected by s, since

_ B, -\ sg
det(A—AP) = det ( sgT 0 )
B, — I

so we can take s to have a scale comparable to the elements of B, without affecting
the rate of convergence of the iteration. The determinant is a polynomial in A of
order only ¢, so the constraint has reduced the dimension of the eigenproblem. This
technique, with 6 and Bs replacing v and B, throughout, is used in Section 6 to fit
models of the form (11) using the recurrence form algorithm.

An alternative approach to the constraint is to explicitly deflate the dimension
of B,. Let W be a (p + 1) x p matrix of full rank satisfying W7g = 0. We can set
WTW = 1. Then Wt =~ and (12) is equivalent to

(WT'B,W —X)Tt=0, 1ir=1.

If g = e; then W can be chosen as W = [0 I,,]7 so that WTBVW is simply the trailing
p X p matrix of B,. This technique has been used to fit models of the form (11) using
the difference form algorithm.

6. A Numerical Experiment. Osborne [28] gave an example of the modified
Prony algorithm on a real data set, showing excellent convergence behaviour. This
section compares the modified Prony algorithm with a good general purpose nonlin-
ear least squares procedure, namely the Levenberg modification of the Gauss-Newton
algorithm, on a simulated problem. The modified Prony algorithm was implemented
in its recurrence form with the augmentation of Section 5. The Levenberg algorithm
was implemented essentially as described by [29], the Levenberg parameter having
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expansion factor 2, contraction factor 10 and initial value of 1. The tolerance param-
eter which determines the precision of the estimates required—roughly, the relative
change in the root sum of squares—was set to 10~7. Although the Prony and Leven-
berg convergence criteria are not strictly comparable, the Prony tolerance parameter
was adjusted to 1071% so that the two algorithms returned estimates on average of
the same precision.

Data was simulated using the mean function u(t) = .5+2e~4 —1.5e 7. Data sets
were constructed as described in [30] to have standard deviations o = .03, .01, .003, .001
and sample sizes n = 32,64, 128,256,512. Ten replicates were generated for each of
the four distributions: the normal, student’s t on 3 d.f. (infinite third moments), log-
normal (skew) and Pareto’s distribution with £ = 1 and & = 3 (skew and infinite third
moments). Uniform deviates were generated from the NAG subroutine GO5CAF (Nu-
merical Algorithms Group, 1983) with seed 1984, the first 200 values being discarded
for seed independence.

To remove subjectivity, the true parameter values themselves were used as starting
values. These were quite far from the least squares estimates for small n and large o,
less so for large n and small o, as can be seen from Table 3.

The modified Prony convergence results were almost identical for the four distri-
butions. Apparently it is little affected by skewness or by the third and higher mo-
ments of the error distribution (although the actual least squares estimates returned
are affected). The Levenberg algorithm was adversely affected by non-normality for
n < 64 but was unaffected for n > 128. Only the results for the normal distribution
are reported in detail.

TABLE 1
Median and mazimum iteration counts, and number of failures, for exponential fitting. Results
for the Prony algorithm are above those for the Levenberg algorithm.

] n\o H 0.030 \ 0.010 \ 0.003 \ 0.001 ‘

32 6 11 6| 4 6 5 3 4 1| 3 3 0
40 40 6| 33 40 5|26 40 4|16 40 1

64 4 8 5| 3 4 51 2 3 1| 2 2 0
325 40 5| 315 40 5|20 40 2|13 22 1

128 3 3 2| 2 3 2|12 2 0| 15 2 0
16.5 40 2|10 40 2| 8 34 0| 6 18 0

256 2 3 4| 2 2 3| 1 1 0] 1 1 0
30 30 4|20 40 4|14 32 1|10 12 1

512 1 1 47 1 1 1 1 1 0] 1 1 0
365 40 5195 40 3|13 22 0| 75 12 O

As Table 1 shows, the Prony algorithm required dramatically fewer iterations
than the Levenberg algorithm to estimate the exponential model from the normal
data. Furthermore, individual Prony iterations used less machine time on average
than those of the Levenberg algorithm, for which many adjustments of the Levenberg
parameter were required. The Levenberg algorithm was limited to 40 iterations, and
was regarded as failing if it did not converge before this. Prony obliged by always
converging, but did so sometimes to complex roots. These were regarded as failures
of Prony for the purposes of the current study. However in all such cases the Prony
algorithm found a sum of damped sinusoids which fitted the data more accurately than
did any sum of exponentials, and in practice this would often be a valid solution. The
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Levenberg algorithm failed whenever Prony did. For both programs failure occurred
when the estimates of 5> and B3 were relatively close together.

TABLE 2
Mean of 6 over 10 replicates. Given are the leading significant figures, those for Prony above
those for Levenberg.

[ n\o [ 0.030 [ 0.010 [ 0.003 | 0.001 |

32 || 2885 | 97251 | 292062 | 9737559
2942 | 98661 | 293552 | 9737579
64 || 2889 | 96409 | 289308 | 9644329
2914 | 96879 | 298484 | 9644324
128 || 2945 | 98177 | 294538 | 9817982
2950 | 98259 | 294538 | 9818041
256 || 2937 | 97896 | 293686 | 9789516
2940 | 97925 | 293686 | 9789513
512 || 2981 | 99362 | 298085 | 9936191
2983 | 99376 | 298085 | 9936189

Table 2 gives estimated standard deviations averaged over the 10 replications.
Reflecting as it does the minimized sums of squares, it gives some idea of comparative
precision achieved by the two algorithms. However the sums of squares are not strictly
comparable when complex roots occur — in those cases, Prony always achieves a lower
sum of squares by including implicitly trigonometric terms in the mean function.

TABLE 3
Means and standard deviations of estimates of B2 and B3. True values are 4 and 7 respectively.

[n\o [ 0030 [ 0010 | 0.003 [ 0001 |
32 [ 4.089(1.4) | 4.127(.78) | 4.138(.40) | 4.065(.18)
17.08(28.) | 7.420(2.0) | 6.872(.82) | 6.901(.36)
64 || 3.937(1.0) | 4.083(.60) | 4.101(.31) | 4.030(.11)
8.629(3.7) | 7.169(1.4) | 6.876(.63) | 6.952(.23)
128 |[ 3.930(.66) | 4.007(.39) | 4.029(.20) | 4.005(.06)
7.680(1.9) | 7.132(.85) | 6.977(.39) | 6.995(.12)
256 || 4.022(.83) | 4.071(.47) | 4.024(.18) | 4.004(.06)
7.721(2.1) | 7.072(1.0) | 6.992(.36) | 7.001(.12)
512 || 4.216(.65) | 4.139(.37) | 4.043(.13) | 4.012(.04)
6.974(1.7) | 6.830(.78) | 6.930(.27) | 6.979(.09)

Table 3 gives means and standard deviations of the smaller and larger estimated
rate constants respectively.

7. Concluding Remarks. In the simulations and in other experiments, the
modified Prony algorithm has been found not only to converge rapidly but to be
remarkably tolerant of poor starting values. A complete explanation of this behaviour
has not yet been made, but the reparametrization from the rate constants to the
Prony parameters is undoubtedly an important part. Only average performance was
observed from the modified Prony algorithm in fitting rational functions for which no
reparametrization is involved [30].

The eigenstructure of By, described in Section 4, raises a potential problem for the
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convergence criterion of the modified Prony algorithm, but one that seems mitigated
in practice. With three exponential terms in the simulations the largest eigenvalue of
n~!Bs is O(n%). This suggests that the very rapid convergence of the algorithm for
large sample sizes is an artifact of numerical ill-conditioning in Bs. The algorithm,
however, actually returns excellent estimates, even for n = 512, and a fully satisfactory
explanation of this phenomenon is yet to be made. While the eigenvalues of the
difference form Prony matrix B, are all of the same order, limited experiments suggest
that the recurrence and difference form algorithms are very similar in their practical
behaviour.

Appendix. Proofs of the Stability Theorems. Proofs of the stability The-
orems 4.1 and 4.2 require that X, and X,; be related through matrices that have
explicit eigen-factorizations. This is achieved by augmenting X, to the n x n circu-
lant matrix

C1 Cpy1 - C2
C1 Cp+1
C = P+
Cp+1 C1
Cp+1 Cp .o C1

Then X, = CPT, where P is the (n—p) x n matrix (I 0) which picks out the leading
n — p columns of C. In fact,

q+1 q+1
CT _ Z,ykAkfl _ chnkfl
k=1 k=1
where II is the circulant forward shift matrix circ(0, 1,0, ...,0) and A is the circulant
difference matrix I = n(II — I). Write Cy = g% = A1 and D, = C,C~! for

k=1,...,q+1. Note that the D, are smoothing operators, since C~! is the solution
operator for a difference equation. Then we have the key identity

X =prcl =pcc el = XI'D],

which leads to the following expansion for B,:
LEMMA 7.1. The components of %B,y can be expanded as

1

1
By ~ (1o +€)TDi(I = Pa) D (o + €)

g+ &) (T — PAYDT Dy (1~ Pa) (g + )
where py + € =y. The importance of this lemma lies in its representation for B, in
terms of projections and smoothing operators.

The remainder of the proof of Theorem 4.1 consists of using the law of large
numbers to show that the terms involving € in the above expansion are asymptotically
negligible. A similar application of the law of large numbers was given in [30]. For
example, the components of %ATE %8 0 because each column a; of A is smooth in
the sense that it can be defined as the values taken by a continuous function, namely
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e~Pit at the time points ¢t = t1,...,t,. The convergence moreover is uniform in 3
because e~ is jointly continuous in B; and t. The lemmas below show that terms
like %ATDEe and %ATDvae tend to zero also because D,a; and DI'D,a; are
smooth in the same sense as above.

The lemmas are proved directly by construction using the properties of circulant
matrices. A circulant matrix of the form of C7 has complex eigenvalues

q+1
A= pele ™) = 3 stV
k=1

where w = exp{2¥\/—1} is the nth fundamental root of unity. Also
CT = Q" AQ

where € is the n xn Fourier matrix defined by QF, = w(~1U~1) which is both unitary
and circulant, and where A = diag(\1,...,A,). See [3] or [8]. For any vector z, z is
the discrete Fourier transform and Q*z is the inverse discrete Fourier transform. Also
the polynomial p.(-) is the transfer function of CT. Since D,, and D, are also circulant,
the vectors D,a; and the DI D,a; can be constructed by explicitly evaluating the
discrete Fourier transform of a;, multiplying by the appropriate transfer function, and
inverting back to the time domain.
LEMMA 7.2. The sequence

fk:pk71 kzla"'vnv
where p is any constant, has discrete Fourier transform
Fy, :7“L_1/2(1—/)”)(</Jk_1—,0)_1</Jk_1 k=1,....n

where w is the fundamental nth root of unity.

Proof. Follows from summing a geometric series in w~=*~Yp, and using w” = 1.
0

LEMMA 7.3. The sequence

F = n"Y2(WF 1 — p) 722D k=1,...,n,
where p is any constant, has inverse discrete Fourier transform

fe=(1—p")2kpkt k=1,....n.

Proof. Uses geometric series identities and

for positive integers m. 0
The next two lemmas follow from the partial fraction theorem.
LEMMA 7.4. If p(z) is a polynomial of degree less than r, then

p(2) ~_b

z—a]—

j=1
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with
bj =Q;'plaj), Q= ]](a;—ax).
oy

LEMMA 7.5. If p(2) is a polynomial of degree at most r, then

s

_ p(2) _ bz by b
F(Z)i(z—al)Q(z—ag)-~-(z—ar)7(z—a1)2+j;z—aj Zz—al

J=1

T

T

_ pla1) o p(aj) o o
bl - alQ]_ I b] - (aj _ a?l)Qj I Q] - g(a] CLk) N

k#j

LEMMA 7.6. For each u, there exist functions f;, continuous on [0, 1], such that

(D) = 1509 +0 ()

uniformly fori=1,....nand j=1,...,p.
Proof. The operator D, can be written

P
D, = ATCD AT + 17!
j=1
which has transfer function
nufl (Zfl _ 1)u71 0

Az) = Z=w, .. ,w
np H§:1(271 - pj)

Here p; = e %/™ and (; = n(1 — p;). Using Lemma 7.2, D,a; has discrete Fourier
transform

1 . n
F(z) z)\(z)nfl/Zplzipl z=wl . . Wt

Z—=p1

which, using Lemma 7.4, can be written as

n—1/2£p1(1 — ) zp: b i ¢
np ! z7b—p;  1—2z71p

j=1
with
o (pj — !
! _pjpl)]._[];;;j (pj = Pr)
and
o (51‘1 -t

j:l(pl_l - )
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Reversing Lemma 7.2, we obtain (Dya;), as

{3 B e )
Pl —py P E— T P
g j=1 L=p; ! L=pt a
nU71 . b]pl(l_p?) —s s
R o)
Jj=1 J

Using the fact that (; — ;, we find that
nufl 1 nufl 1
o bj =bjec +0 o R C=Cx+o0 -~

b — (=B;) !
I (Bt By) %;; (Br — B;)

where

and

. (_ﬁl)u—l
= Hz:1(51 + Bk)

do not depend on n. So let

P 176 B Bt
fl(t):cooe Z Joo T oB; —ePit

The other functions f,..., f, are defined similarly. O
LEMMA 7.7. For each u and v, there exist functions g;, continuous on [0, 1], such
that

(Dy DuA)ij = g;(ti) + O (rlt)

uniformly fori=1,....nandj=1,...,p
Proof. The operator

p
DID, = A AT T+ 6D AT+

j=1
has transfer function

u+v—2 -1 _ 1 u—1 -1 v—1
Az) = i 5 (zp _)1 (2 ) z=wl . . "L,
n? [T (71 = ps)(z = pj)

Therefore DUT D, a; has discrete Fourier transform

_ —1/2 o *
F() = Man™ - o)

12 nu+v—2 " Zzp—u+l(1 _ Z)u—l(z _ 1)1}—1

pr(1 = pl)(z = p1)? ITj=a(z = pi) TG (1 = 2p5)




18 M. R. OSBORNE AND G. K. SMYTH

which can be written, using Lemma 7.5, as

n_l/Qn“‘“’_? ")z{ b1z u b; N u cj > i (bj +c)
(

+j:2 (z=pj) = (1-2p;)  (z—p1)

PP (1 = p)r i (py — 1)
p1 12 (p1 — pi) [T (1 — p1pg)
—u+1 u— v—
b )
;=

(pj — p1)? Hfﬁ;? (pj — o) [her (1 = pjp)

and

—(p—u+1 —1\u— — v—
pr = ) )
(" = PP Tlia(py = P T (1= 05 )

J

C; =

Using Lemmas 7.2 and 7.3 to invert F(z), we obtain (DI D,a;), as

nu+v—2

" by
n2p pl(l_pl){(l p 2 pl +Z

DR —z‘;fj%s—l}.

Vo3 1
= P1

Using ¢; — B; we find

nu+1z—2 1 nu+v—2 1
7”1)1 = b+ O(n) ) ij = bjoo + O<n)
utv—2 1
n2p ¢j = Cjoot 0(71)

with
(—1)v—1gutv=2
201 Z:z(ﬂgfﬁf)
) (_1)1;—16;&1;72
= = B0 ) s (B )
(_1)u—16;1+v72
Cjoo = 28;(B1 + Bj) E; (5;%—5]2)

which do not depend on n. So let

p —p1
c1 _ 1-e _3.
a(t) = — Oiﬁfte Blt—’—zbjooil—e—ﬂje Bjt
j=2

- 1—e A E
choo Yy Z bjoo + Cjoc)e ™Mt .
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The other functions go, ..., g, can be defined in a similar fashion. |

The final lemma differs from Lemma 7.7 in that D, and D, are evaluated at the
current value of v while A is evaluated at the true value 7. Its proof is similar to that
of Lemma 7.7, with the difference that all the poles of the discrete Fourier transform
F(2) are simple, and each function go;(t) includes a term in e=#! as well as in e~ P+t
and ¥t k=1,...,p.

LEMMA 7.8. Let Ay = A(7v,). For each uw and v, there exists functions go;,
continuous on [0,1], such that

1
(Df DuAo)ij = goj(ti) + O (n>

uniformly fori=1,....nand j=1,...,p.
Proof of Theorem 4.1. Consider the expansion for %B,y given in Lemma 7.1.
The terms

1 1
feTDl-DjTe - feTDZTDje
n n

cancel out of this expansion — D; and D; commute since they are circulants. Re-
peated application of Lemmas 7.6 to 7.8 and the law of large numbers [30, Theorem 4]
shows that all other terms which involve € converge to zero. The first term for example
is

1 1 1 1
(14) H,ugDiPADfe:(EMOTD,-A)(EATA) 1)(EATDJTE).

The middle term %ATA converges to the positive definite matrix with elements

1
/ o= (BBt gy
0

for 7,5 =1,...,p, and each element of %ATD]TE converges to zero almost surely, by
Lemma 7.6 and the law of large numbers. Lemma 7.6 also shows that each element
of %ugDiA converges to a constant, hence the whole term (14) converges to zero.
Moreover the convergence is uniform for « in a compact set. Similarly, the term

€T PADT D, Pae = (eTA) (2 AT4) 1 (L ATDT D, Ay L aTa) 1 (L aTe)
n n n n n
converges to zero. Lemma 7.6 shows that %ATD;-TDJ'A converges to a constant p X p
matrix, and the law of large numbers shows that %ATE converges to zero. This term
is in fact of smaller order than the first, since it includes two factors which converge
to zero.

The other terms involving € are treated in the same way, and require Lemmas 7.7
and 7.8. The remaining terms can be identified with [Jy, thus completing the proof.
0

Proof of Theorem 4.2. Section 7 of [30] gives an expression for Bv'y and shows
that E(B,(v9)Yo) = 0. The methods used above for Theorem 4.1 can be used to
prove that

1 : a.s.
—-B, (%) =0
n 7(’7)’)’
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as n — 0o. Now ’)'TB,Y(*/)'S/ =0 so

63 = B3 +997 | LB

~ T a.s.

Theorem 4.1 shows that %Bv (A)+349" 3 To+707yE which is positive definite, which
completes the theorem. ]
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