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Prony’s Method for Multivariate Signals
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The problem of recovering translates and corresponding amplitudes of sparse sums of Gaussians out of sampling values as
well as reconstructing sparse sums of exponentials are nonlinear inverse problems that can be solved for example by Prony’s
method. Here, we want to demonstrate a new extension to multivariate input data.
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1 Introduction

Assume we only know equidistant measurements f(k), &k = 0,..., N, of the signal f(z) = Zj‘il c;eli® t;,c; € C. The
task is to recover the parameters ¢; and the corresponding coefficients c;. Methods that accomplish this problem include
super-resolution [1], Prony’s Method [4], ESPRIT [9], MUSIC [10], Matrix-Pencil-Method [2], or the Annihilating Filter
Method for signals with finite rate of innovation [11], where all but the first method can be seen as Prony-like methods [7].
In [1], it is demonstrated that minimizing total variation is also applicable for multivariate signals. Another way to analyze
multivariate signals is to reduce the problem to a number of one-dimensional problems via projections of the data to multiple
lines through the origin and to apply a Prony-like method to each projection. Recent recovering results in [6, 8] using this
approach work only if the coefficients have equal sign, i.e., ¢; € R, since the inherited projection might otherwise cause
cancellation. In contrast, we established a new, fully multidimensional Prony method that is applicable for arbitrary c¢; € C.
This advantage comes at the price of calculating common zeros of multivariate polynomials, which is a challenging task itself.

2 Reconstructing Multivariate Exponentials

In this section we present a direct generalization of Prony’s method to d dimensions. Note, that setting d = 1 breaks down
the upcoming calculations to the standard Prony method. Instead of the signal f(x), as introduced above, we now consider an
M -sparse sum of d-variate exponentials, f(z) = Z]M:1 cje<x7t1'>, z,t; € C% ¢; € C. We define d-variate Prony polynomials
P:C% = C,P(z):= ZkN:O prz™, ng, € N9 with sufficiently large N > M such that P(e%) = 0 for j = 1,..., M where
P(et) == S0 o pi [To_, (ef34) e = S prel™ts) . For arbitrary shifts m, € N we observe

M

N N M
Zpkf(nk +my) = Z Cje<me,t_7‘> Zpkemk,tj) _ Z Cje(me,tj)p(etj) =0. 1)
k=0 k=0 j=1

Jj=1

Thus, we have to solve the linear problem Hp = (f(ng + mf))kN,e:O (pr)N_y = 0 in order to find the coefficients py, of the
Prony polynomials P(z). The roots e'i, j = 1,..., M, of these polynomials carry the information of the unknown parameters
t;. Note that in one dimension we just have to compute the zeros of one Prony polynomial P(z) of order N = M to find
the parameters e'. Polynomials in d variables on the other hand have d — 1-dimensional zero sets, so those sets are too large
to extract the desired values e'i. But, by construction, the values e!s are contained in the zero set of every Prony polynomial
whose coefficient-vector lies in the kernel of H. The idea is now to construct a matrix H, where the dimension of the kernel
is large enough, such that we can ensure that the intersection of the zero sets of the obtained Prony polynomials is just the
set Q := {e¥|j = 1,..., M}. In[3] it is shown that for suitably chosen sampling points ny and shifts m, the kernel of
dimension (M + 1)¢ — M of H ensures that the zero sets of the Prony polynomials associated with ker(H ) intersect only in
Q). Note that in the typical case a much smaller kernel of dimension d — 1 suffices.

After extracting the parameters t; out of the roots, we determine the coefficients c; as least squares solution of the
N.M
ti, ; M N
Vandermonde-type system (e< J'nk>)k:o,j:1 (¢j)iz1 = (f(nk))i=o-

3 Reconstructing Translations of Multivariate Gaussians

If the 1-dimensional Gaussian K7 (z) := e_b”2, b > 0, is known beforehand, the 1-dimensional Prony method can also be
used to recover translates ¢; and corresponding coefficients ¢; of a signal s(z) = Z;Vil cjeb@—t)® — Zﬁil c;i K1p(x—t)),
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666 Section 21: Mathematical image processing

z € R,t; € [0,1],¢; € C, from sufficiently many sampling values s(k),k = 0,..., N, if the data is transferred to the
Fourier-domain [5]. Here, we want to demonstrate an algorithm for recovering multivariate translates ¢; € [0, 1]¢ of the signal

M M
s(x) = che*b(m*tj)T(I*ti) = chKdJ,(a: —t;), z€R%t;€[0,1]%¢; €C,
Jj=1 j=1

directly in the spacial domain, with Ky ;(x) := e~b" % For the multivariate signal s(x) we consider again multivariate
Prony polynomials P : C* — C, P(z) = Y.~_, prz"", but now with roots ¢2"%, i.e., P(e*) = 0, j = 1,..., M. Let
N =Np:={n|k=0,..., N} be the set containing all exponents 7, of the multivariate monomials 2" = 2]"*" - .. z;”‘“d

that are active in P(z). For a(m,ny) := 2" ™ and g := pre?™ ™ = Kgu(ng) pr, with n,, € N C N7 and shifts
m € N¢ we get

N M N M
Z qrs(ng +m)a(m,ng) = Z c;iKap(m —t;) Zpke%”gtf = Z cjKap(m —t;) P(e®) =0
k=0 j=1 k=0 j=1

in analogy to the calculation in (1). Thus, we have to solve the linear system Hq = 0, H = (s(nk + mg)ezbmgn’“)Z
k=0

with ¢ = (prKap(ng) )R, Once, we have calculated the coefficients gj, we can evaluate the coefficients py, of the Prony
polynomial P(z). By construction, the translates ¢; are contained in the (d — 1)-dimensional zero set of P(z). Again, we refer
to [3] for a proof that dim(ker(H)) = (M + 1)¢ — M suffices for unique reconstruction. After finding ¢;, 7 = 1,..., M, the

coefficients ¢; can be determined as a least squares solution of (Kqp(nj — tj))g;%{jzl(cj)jj‘il = (s(ng))n_o-

Algorithm for multivariate exponentials Algorithm for multivariate Gaussians
Input: f(ng + me), ng,me, k,£=0,..., N Input: s(ng + my), ng,me, k,£=0,...,N,b>0
1. Calculate all vectors p in the kernel of H = 1. Calculate all vectors ¢ in the kernel of H = (s(n +
T
(f(me+n))p) k=0 and construct the polyno- my)e2tme )N, and construct the polynomials P(z) =
. T
mials P(z) = >, pr2™. ZkNZO(qke*b”k k) 2T
2. Find the common zeros ', j = 1,..., M, 2. Find the common zeros ¢, j = 1,..., M, of atleast d +1
of at least d + 1 polynomials P(z). polynomials P(z).
3. Find a least squares solution of the linear sys- 3. Find a least squares solution of the linear system
n £\ N, M , —b(np—t )T (e —t )\ N,
tem (ef ’“’t]>)k:0,j:1(cj)§vi1 = (f(n1))ilo- (emblma=ts) " (nx t1)>;€\]:](\)/{j:l(cj)]]'\il = (s(nk))nzo-
Output: M, t;, c;. Output: M, ¢;, c;.
Acknowledgment

The first author gratefully acknowledges financial support from the Research Training Group 1916 “Combinatorial Struc-
tures in Geometry” by the German Research Foundation (DFG). The second author is supported by the German Research
Foundation (DFG) within the project “PL 170/16-1".

References

[1] E.J. Candes and C. Fernandez-Granda, Communications on Pure and Applied Mathematics 67(6), pp. 906-956 (2014).
[2] Y. Hua and T. K. Sarkar, IEEE Transactions on Acoustics, Speech and Signal Processing 38(5), pp. 914-824 (1990).
[3] S. Kunis, U. v.d. Ohe, and T. Peter, A Multivariate Generalization of Prony’s method, Preprint.
[4] T. Peter and G. Plonka, Inverse Problems 29(2), 025001 (2013).
[5] T. Peter, D. Potts, and M. Tasche, SIAM Journal on Scientific Computing 33(4), pp. 1920-1947 (2011).
[6] G.Plonka, M. Wischerhoff, Journal of Applied Mathematics and Computing 42(1-2), pp. 117-137 (2013).
[7]1 D. Potts and M. Tasche, Linear Algebra and its Applications 439(4), pp. 1024-1039 (2013).
[8] D. Potts and M. Tasche, Electronic Transactions on Numerical Analysis 40, pp. 204-224 (2013).
[9] R.Roy and T. Kailath, IEEE Transactions on Acoustics, Speech and Signal Processing 37(7), pp.1 984-995 (1989).
[10] R. O. Schmidt, IEEE Transactions on Antennas and Propagation 34(3), pp.1 276-280 (1986).
[11] M. Vetterli, P. Marziliano, and T. Blu, IEEE Transactions on Signal Processing 50(6), pp. 1417-1428 (2002).

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.gamm-proceedings.com



