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Abstract The problem of multivariate exponential analysis or sparse interpolation has
received a lot of attention, especially with respect to the number of samples required to
solve it unambiguously. In this paper we show how to bring the number of samples
down to the absolute minimum of (d + 1)n where d is the dimension of the problem and
n is the number of exponential terms. To this end we present a fundamentally differ-
ent approach for the multivariate problem statement. We combine a one-dimensional
exponential analysis method such as ESPRIT, MUSIC, the matrix pencil or any
Prony-like method, with some linear systems of equations because the multivariate
exponents are inner products and thus linear expressions in the parameters.
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1 Introduction

Multivariate exponential analysis is a classical problem at the basis of many appli-
cation domains (such as, for instance, [13, 14, 25, 27]) that recently has gained a lot
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of attention. The problem statement is that of recovering the vectors ¢; € cl,j=
1, ..., n and the coefficients ; € C, j = 1, ..., n in the d-variate n-sparse sum

fO) = fGr, .. xa) =Y ajexp (), x)).
j=1

d
X = (X)) ¢ =i bia). (B x) =D djixi,
i=1

from (d 4+ 1)n samples of f(xy, ..., x4), which is the minimal number of samples
because it equals the number of parameters in the problem statement.

When d = 1 then the problem can be solved using a variety of Prony-based algo-
rithms [2, 10, 20, 23], in which the identification of the ¢; and «; is separated and
taken care of in two stages. The frequencies ¢;, j = 1, ..., n are obtained from a
generalized eigenvalue or polynomial rooting problem, while the linear coefficients
aj,j = 1,...,n are computed from a Vandermonde system of linear equations
[8, pp. 378-382]. Input to these algorithms are 2n samples of f(x) at some equidis-
tant points f(sA),s = 0,...,2n — 1. This number of samples is minimal if 7 is
known. Otherwise at least one more sample is required to identify the sparsity n. For
more details on the latter we refer to [5, 11].

Several computational methods were developed to solve the problem also when
d > 1, from straightforward generalizations to more sophisticated approaches, all of
them using more than a minimum of (d + 1)n samples though. It should be obvi-
ous to the reader that the challenge is not to recover inner products (¢;, x) and
the associated coefficients «j for j = 1,...,n, from 2n equidistant samples in
higher-dimensional space. Under modest conditions this can be achieved using the
univariate techniques mentioned above. Instead, the challenge is to recover the indi-
vidual ¢j;, j =1,...,n,i =1,...,d and the coefficients ;. We describe the state
of the art in multivariate exponential analysis and explain how our approach differs
from it.

The one-dimensional matrix pencil method was generalized to the 2-dimensio-
nal matrix enhancement and matrix pencil method (MEMP) [9] and can be extended
to higher dimensions in a straightforward manner. It uses a Hankel-block-Hankel
matrix to decompose the 2-dimensional problem into two one-dimensional problems
reflecting each dimension. This decomposition introduces an additional challenge
though, namely that of matching or pairing the information computed from the one-
dimensional problems [19]. Moreover, when constructing a uniform d-dimensional
grid of sample points, the amount of information is O (n?).

Solving the problem along some one-dimensional subspace, in other words com-
puting some projection such as in [17, 18] requires only O(n) samples. Using an
adaptive sampling scheme and under some mild condition on the coefficients, this
remains valid in the 2-dimensional case [26]. However, in [6] is shown that there is
no finite set of (independently of f) predefined lines for which the bivariate recon-
struction problem has a unique solution. A lower bound for the number of samples
in the reconstruction when d = 2 is O (n?). In order to solve the pairing problem,
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[6] reformulates the problem as a non-convex optimization problem, which is not
computationally feasible for practical purposes.

Rather than projecting on one-dimensional subspaces, a symbolic approach based
on [22] is developed in [21] making use of constructive ideal theory and multivariate
polynomial interpolation. The largest number of required samples in this setting is
estimated to be O ((d + 1)n? logzd_2 n). In the same corner one finds [12] and [16]
which obtain the multivariate exponents as common roots of a finite system of d-
variate polynomials. Still making use of O (n¢) samples however, algebraic geometry
theory now guarantees the correct pairing and recovery.

The method we propose differs significantly from all of the above, not only in
its informational usage which can be as low as (d + 1)r, but also in its approach
which only makes use of a 1-dimensional Prony technique combined with some lin-
ear systems of equations because the individual ¢ ;; appear linearly in the (¢;, x). The
presented multivariate exponential analysis technique results from ideas that were
initially formulated in [3, 4]: a so-called identification shift in the sampling strategy
allows to overcome any ambiguity in the exponential analysis.

After this state of the art of the literature, Sections 2 and 3 deal with the ideal case
where some mild assumptions are verified and only (d + 1)n evaluations are neces-
sary, thus generalizing Prony’s result where 2n samples solve a univariate exponential
analysis problem. In Section 4 the most general case is detailed, requiring slightly
more samples because the assumptions do not hold. An analysis of the worst case
scenario and an algorithm for the detection of n is presented in Section 5. Finally, the
new algorithm is illustrated with an example in Section 6.

2 Multivariate exponential analysis

As surveyed in the introduction, up to now computational methods require more sam-
ples than the minimal number, for one or other reason. We now explain how the
problem statement can also be solved in the multivariate setting using the minimal
number (d + 1)n of samples. The trick to achieve this is to split the set of samples in
two subsets, namely 2n equidistant samples and another (d — 1)n samples that may
but need not be equidistant in the higher-dimensional space (they cannot be entirely
unstructured though). We discuss the use of the 2n equidistant samples in this section
and that of the additional (d — 1)n samples in Section 3. For now we assume in the
multivariate setting that the value of n is known. How to detect n is further discussed
in Section 5.

Let A = (Ag,...,Aq) # (0,...,0) and [3¢j;| < #/|Ail,j =1,...,n,i =

1,...,d [15, 24], where the function i returns the imaginary part of a complex
number. Let us sample f(xq, ..., xq) at the points sA,s =0,...,2n — 1:
Fi = f(sAq,...,50A0), s=0,...,2n—1. (1)

For the time being, we also assume that the sampling direction A is such that the
values exp({¢j, A)), j =1, ..., n are mutually distinct. How to deal with collisions
in these values is described in Section 4.
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Following the univariate scheme [8, pp. 378-382] the coefficients §;,i = O, ...,
n — 1 of the polynomial

n

B@)=]](z—exp((¢;.A) ="+ Bu12" " +...+ o @

Jj=1
can be obtained from the n x n Hankel system of linear equations

Fo Fp - Fp

Fl .. Fn ﬂo Fn
: : == ] 3)
’ ’ — Fo—
Fn—l Fn . an_z /3}1 1 2n—1
or the roots exp({¢;, A)), j = 1,...,n of B(z) can be found as the generalized
eigenvalues X of the problem
F F - F Fo F1 - Fy
Fo-- Fopi Fro--- Fy
. . vV=A . . v, veC'. @
Fn Fot1 -+ Fana Foo1t Fn -+ Fop—
So we can recover the expressions exp(® ;) where
d; = (¢;, A), j=1,...,n 5)
Although we have not yet identified the individual ¢;;, j = 1,...,n,i =
1, ..., d, nothing prevents us from already computing the linear coefficients o ; from
one of the n x n Vandermonde systems

exp(kdy) exp(kdy) e exp(kd,) o]

exp((k +;z —D®y) exp((k+n—1)Py) --- exp((k +I.’l - Dd,) oe'n
Fy
= : , 0<k<n. (6)

Fryn-1

The latter can also be replaced by the 2n x n Vandermonde system involving all
samples, which is then solved in the least squares sense, as recommended in the case
of real-life and hence noisy data.

3 Identification shifts
In order to extract the ¢;;, j = 1,...,n,i =1,...,d fromthe ®;,j =1,...,n,

still under the assumption that the values exp(®;), j = 1,...,n are mutually
distinct, some additional samples are required. For this purpose we choose a set
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{A,81,...,84-1} of d linearly independent vectors in C¢. The additional samples
are taken along a linear combination of A and some §;,i =1,...,d — 1:

Foi = flkeiA+68;) = flgi Dy + 81, ..., kei Ag + 8ia),
e=1,....on, i=1,....d—1 7

where the x¢;, £ = 1, ..., n for fixed i are taken to be mutually distinct. A simple
choice for «y; for all i is ky; = £ — 1. Then the additional samples are taken equidis-
tantly along independent shifts §; with respect to the original vector A, in other words
Fo = f((£ — 1)A + §;). At the same time we assume that

1349, 8i /118i 1) < 7 /118: 1 Jj=1l.n i=1....d

in order to comply with the Shannon-Nyquist conditions formulated in [15, 24]. We
call these vectors §;,i = 1,...,d — 1 identification shifts for reasons that will
become apparent: they allow to identify the individual ¢;; from the computed @ ;.
For this identification we exploit the fact that the ¢;; appear linearly in the ®; and
hence we turn our attention to systems of linear equations rather than to multivariate
polynomial root solving or structured generalized eigenvalue problems.

Consider for fixed i = 1,...,d — 1, meaning for a chosen linearly independent
shift vector §;, the following Vandermonde-like system of linear equations:

exp(k1; D1) exp(ky; D2) - - expky Pp)

Ay Fi;
expley ®1) - explezi ®,) | [V !
Am Fni
CXP(Kniq)l) ce eXP(KniCDn))
Since we know exp(®;), j = 1,...,n and have chosen «¢;, £ =1, ...,n, withi

fixed, the Vandermonde-like coefficient matrix can easily be composed. Note that for
the choice ky; = £ — 1 the Vandermonde-like coefficient matrix coincides with that
of (6) where k = 0. The unknowns Aj;, j = 1, ..., n come from a reinterpretation
of the samples Fy; as

Foi = flkgi A +6;) = Zaj exp ({9, 8:))) exp (9. kei A)) t=1,...,n
=1

with
Aji = ajexp ((¢),8:)), j=1,...,n
and
exp(ke ®j) = exp ((¢j,/<g,-A)), Lj=1,...,n.
The values A j; /o; equal
%:exp((@,&i)), j=1,...,n,

which we denote by

exp(®j;) :==exp ((¢;.8)), j=1....n
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Here the index i is still fixed. Note that we have no problem to pair the ®; to the

®;,j=1,...,nsince for each i the A;; are paired to the , j =1, ..., n through
the Vandermonde-like systems (6) and (8).
By setting up (8) foreachi =1, ..., d — 1 and pairing its solution with ®; in (5),
we obtain for fixed j = 1, ..., n the linear system of equations
A oo Ay _ D,
S -0 dia Pin Dy
) ) Sl = : . 9
8d—1,1 *+* dd—1,d bsd Dj.a-1
Since the vectors A and §;,i = 1,...,d — 1 are linearly independent, the coef-
ficient matrix of (9) is regular and so the individual ¢;;, j = 1,...,n,i =1,...,d

can be computed, at the expense of 2n evaluations Fy in (1) and (d — 1)n evaluations
Fg,' in (7)

Before we continue we point out that (as is clear from the semantics of the
formulas) we can also denote A as 8¢, Fy as Fyo and @ as @ jo.

4 Disentangling collisions

We now turn our attention to the situation in which the first batch of samples Fj
at multiples of the vector A does not reveal all individual terms because some
values exp(®;), j = 1...,n collide and the exponential sum shrinks to v < n
terms. For ease of notation, but without loss of generality, we take the colliding
terms to be successive, for instance: exp(®1) = ... = exp(Py,), exp(Pp,+1) =

.= exp(®Pp,), ..., exp(Pp, +1) = ... = exp(P,). Assume that with 0 < s <
2v — 1, v < n the exponential samples break down into

v
Fs=2(ahj71+1+...+ahj)exp((¢hj,sA)), ho=0, hj<hjy1, hy=n
j=1

(10)
because
exp(@hjfl_H) =... =exp(®hj), j=1...,v.
Since [I¢ji| < w/|A;l, j=1,...,n,i=1,...,d, we actually have
<I>hj,1+1=---=fl>hj, j=1,...,v.
The Vandermonde system (6) now becomes
exp(k®y,) e exp(k®y,) ol + .. oy,
exp((k +v —1)®p,) - exp(tk +v — 1)Pp,) ap, 1+ ... Fap,
Fi

= : , 0<k<wv. (11)

Fk+v71
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Note that at the same time, the degree of the polynomial B(z) in (2) is only v.
How this is detected and how the true n is revealed is discussed in the next section.
To proceed we denote

Aj =+t o, j=1,...,v. (12)

To disentangle the collisions in the exponential sum, we need additional evalua-
tions besides the minimal number (d + 1)n. At the end of Section 5 we also explain
how these additional evaluations allow to deal with the situation where some A; = 0.

We start with i = 1 and the identification shift vector §;. First we point out how
the Vandermonde-like system (8) of Section 3 looks like in case of such collisions: in
the coefficient matrix the value n is replaced by v and in @; the index j is replaced
by h ;. With the collisions in (10), the unknowns A1, j =1, ..., v take the form

Aj = Oth,-,1+1eXp((¢>h,-,1+1,51)) +...tap CXP((%,,&)), j=1...,v.

In the sequel we denote from here on the additional evaluations Fy; mentioned in
Section 3 by

Fie1 := For = fka A+ 81), L=1,...,v

and we add, still with i = 1, the samples

Fyo1 := f(ke1 A+581), s=2,3,...,2 max (hj_hj—l)» e=1,...,v, i=1.
l<j<v

The triple index expresses the shift vector multiple in the index s, the collision into
v piles of the ®; in the index ¢, and the identification level in i (which is i = 1 here).

Since the values of 4 are actually unknown, the addition of samples is done fur-
ther and interlaced with singularity checks of some Hankel matrices, as we explain
now. The checks are performed for each collision or pile & ; and later repeated for
each i. Collisions in the space spanned by A may not be fully disentangled in the
space spanned by A and 41, but they are gradually being disentangled as we add inde-
pendent vectors §; until we span the whole space. At the last stage, when dealing with
the full basis A, 81, ..., 84_1, the true n is revealed because in the end all collisions
are taken apart, given enough additional samples. For the moment we continue with
i=1.

For each s separately, we set up in analogy with (8), the Vandermonde-like system

exp(kp 1 Pn,) explkn 1Pp,) -+ - explen1Pp,)

explion, @) explir@p,) [ (A1) (P
. . = (13)
Asvi Fsu1
exp(kh,1Pn,) N exp(kn,1Pn,)
where
Agjt = an;_+16xp ((@n,_ +1,581)) +. . .+an; exp ((¢n;, s81)) , j=1.. (11)

Note that the coefficient matrix is independent of s. Also, the former unknowns
Aj and Aj; can as well be indexed as Ag;1 and Aj;; respectively, and so (13) and
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994 A. Cuyt, W.-s. Lee

(14) remain valid for s = 0, 1, which is important for the sequel. The values A ; from
(12) and Agj1, s > 1 from (14) are actually equidistant samples of the function

Aji(x) = Aji(xr, .o Xa) =an;_+16xp ((@n;_+1, %))+ ... + an; exp ((¢n;, x)) ,

j=1,...,v, (15)
taken at x = §81, s > 0. For each fixed j = 1, ..., v we now put together the Hankel
matrix

Aoj1 Arj1 Azj1 Azjr ...
Arj1 Azj1 Asji
Azj1 Azj1 Agj1 ... . (16)

Aszji

Note that in order to enlarge (16) with one row and column for a particular j, one
needs to solve (13) for two additional values of s, thereby obtaining the additional
Agjiforall1 < j <.

It is known that the rank of any (h; — hj_1 +1t) x (hj — hj_1 + t) submatrix
for finite t > 0 is bounded by h; — hj_1 [5, 11] since hj — hj_1 equals the number
of terms in each of the evaluations A, Agj1, s > 1. The actual rank r; of the (h; —
hj—1) x (hj — hj_1) submatrix with A; in the top left corner tells us (with high
probability [11]) how many of the #; — h ;| terms in A j(x) can indeed be separated
at the current level (i = 1) where identification shift §; is brought into the picture.
The value of r; is discovered as one adds samples Fj¢q, solves (13) and enlarges
(16) step by step. This explains why we need to add samples Fg,q until s reaches
2max;(h; — hj;_1) or until for all j the rank r; is known. How do we proceed to
extract the coefficients and exponential parameters from (15) and disentangle the
collisions?

For j fixed, r; of the individual terms

Olh_,-_|+kexp(<¢hj_1+k, 81)), k=1,...,hj—hj_1,1 <r;j<hj—hj_

of Aji(x) can be deduced from the samples A, Agj1, s > 1 of Ajj(x) using one
of the Prony-like methods [2, 10, 20, 23] which were already mentioned to solve
for (5) from (3) or (4) and compute the coefficients from (6). We remark that when
rj < hj — hj_1 then some collisions in A (x) still remain indistinguishable in the
space spanned by A and §;.

For the sake of completeness we explicitly give the generalized eigenvalue
problems that lead to the identificationof 1 <r; < h; —hj;_; termsin A (x):

Arji o Agji e At Agj1 - Arji o Ar—1ji
Azji Azji o Arjtji Arji Azjr 0 Arji
. ) v =2 ) . v,
Arj1 Arjtrjt o Aor—1ji Arj—1,j1 Arj g1 o Aor2 i
veCl.
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After disentangling at i = 1, at least partially, some of the collisions, we can
update the number of terms in the exponential model from v to ; > v and reduce the
collisions to

"
FS:Z (oegjfl+1 +...+ otg].) exp ((¢gj, sA)) , 80=0, g;j<gj+1, gu=n.
j=1
It is clear that the previous indices h;, j = 1,...,v are among the gx, k =
1,..., u but remember that we don’t know the values & or g explicitly. We only
know that for some j a collision from index #;_; +1to hj,1 < j < v may have
split into separate piles indexed by some g and gr+1, | < k < . At this moment in
the procedure, namely at the completion of step i = 1, we have computed

exp(Pg, 1), Dyt 1= (g, 1), k=1,...,u.
Because |3(¢;, 81/118111)| < m/I1é11l, j = 1,...,n we in fact obtained all the
values
Cng_l_;,_l,l:”-:Cng,], kZl,...,/L, g0:0, y8u =n
which we need later on in combination with the
q>hj,1+1="'=q)hja J'=1,-~~,V§l1¢

to identify the individual ¢ j; as in (9).

We now explain how to move from i to i 4+ 1. The first thing is to find proper
locations for the samples involving the next identification shift §,. Some care needs
to be taken with respect to the regularity of the Vandermonde matrices involved. For
i = 2 we collect

Fspp := f(kea(A =+ 81) + 582),
s =1,...,2 max (g; —gj-1), £=1,...,u, i=2. (17
I<j=<p
Let us denote
ngl = Cbgj—‘rcbgjl, j=1,..., 1.

Note that the sum is a direct consequence of the choice A + §; in (17), which is
briefly discussed below. Similarly to (13) we write down, for each s separately,

explkg 2€2g,1) €xplkg282g,1) « - exp("gﬂQgﬂl)

exp(kgy282¢,1) e exp(kg,2Qq,1) As12 Fin2
: : N (18)
Asp2 Fsu2
exp(kg,2821) e exp(kg,282,1)
where
Asjr = g, 1 exp (g, 111, 562)) +. . .+ag, exp ((pg;. 582)) . j=1,.. '(’113)'

From here it is clear how to finalize the i = 2 phase and how to proceed to the
next value of i. We point out that instead of the linear combination A + §; in (17),
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996 A. Cuyt, W.-s. Lee

any linear combination cA + ed; with ce # 0 that guarantees the regularity of the
coefficient matrix in (18) can be used (then the definition of ng also needs to be
adapted). This option may be useful as it allows to control the location of the sample
points for numeric purposes or so.

To round up this section, we summarize the algorithm that recovers the vectors ¢
and coefficients «; for j = 1, ..., n in case of possible collisions of inner products
with the chosen directional vectors A, 6;,i = 1,...,d — 1. Before we proceed, we
further adapt our notation. Let

8o := A,
v_1:=0,
Vo =V,
V=0
Our first aim is to identify all the inner products ®;; = (¢;,6;), j = 1,...,n,i =
0,...,d—1, including possible collisions. This is done by making use of successively

collected samples, namely

Fyoi = f (kei(Bo+ ...+ 8i—1) +58i),
s=0,1,2,... £=1,2,...,vi_1, i=0,...,d—1,

where we assume that empty sums equal zero and values in an empty range need not
be specified. The samples are collected by fixing the indices from the right to the
left: at identification level i, collision or pile £ is being sparsely interpolated using the
samples collected at shift multiples s. Here v; indicates the number of non-coinciding
inner products at identification level i. Remember that s is running up to twice the
number of terms in expression Ay;(x) at level i (for i = 1 this is given in (15)
and it is straightforward to imagine how it looks like for general i). We remind the
reader that only the evaluation at multiples of §;, i > 0 needs to follow an equidistant
scheme. The values «y; need not be like that. We also mentioned earlier that the sum
80 + ... + 8i—1 can be replaced by another linear combination. The only crucial
element is that the §;, i > 0 are linearly independent. The latter will precisely allow
us to identify the vector components ¢;;, j = 1,...,n,i =1, ..., d from the inner
products (¢;,6;),j=1,...,n,i =0,...,d —1lasin(9).

5 Detecting the sparsity

The minimal number of (d + 1)n samples only delivers the parameters o, ¢j;, j =
I,...,n,i =1,...,d if the value of n is somehow known a priori and no collision
of values exp(®;), j = 1, ..., n occurs. In the previous section we described how
to deal with eventual collisions. Here we detail how to detect the value of n should
it not be given. In addition, we analyze how many samples are needed in the worst
case when neither n is known nor the projections are collision free.

While collecting the samples Fy = f(sA) and building the Hankel matrices in (3)
or (4), the rank of the Hankel matrix reveals (with high probability [11]) the number
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v of terms that do not collide when evaluating in the space spanned by the vector A.
To this end we need at least 2v+-1 values so that we can compose the (v+1) x (v+1)

Hankel matrix
Fy ... F,

F, ... b,
and conclude that it is singular [1, 7, 11].

From v and (3) or (4) we proceed to collect the samples Fis1 (s = 1) and Fay
(s = 2), another 2v in total (¢ = 1,2, ..., v). If all 2 x 2 Hankel matrices of the
form (16) are singular, then every collision remains indistinguishable (unless the zero
determinant was an unfortunate coincidence [11]) also in the space spanned by A and
81. However, if for some j the 2 x 2 matrix (16) is regular, then we have to proceed
to the next values for s (s = 3, 4), collect another 2v values in total, and find out how
many terms actually can be revealed in the space spanned by A and §;. We proceed
until we find no larger matrices of the form (16) that are regular. Only after working
ourselves through all regular matrices of the form (16) with 6; (i = 1) we can update
vtou > v.

And then we bring the next identification shift vector §, in the picture. We collect
the samples Fsp (s = 1, 2) as in (17) and compose matrices similar to (16) but now
with the last index in the Ay;; replaced by i = 2 and with Aj defined as in (19).
The inspection of the Hankel matrices containing the values computed for Ag;s is
identical to the procedure described in the previous paragraph for i = 1. If required,
as before, we add more samples for larger values of s.

Finally, by the time we reach i = d — 1 we can update the number of terms to the
true value for n. Now how many samples has this cost us? When n is known a priori
and we do not run into collisions or cancelations, which with high probability do not
occur, the algorithm presented in Section 3 uses only

(d+ Dn

samples. Next, we look at the situation where collisions occur and Section 4 is put to
work (how to deal with possible cancelations is dealt with at the end of this section).
Also the sparsity n is not given. The A; and ®;; with j = 1,..., v in (10) are
retrieved from O(v) samples where v < n.InA;,1 < j < vthereare h; —h;_4
terms colliding, where each h; —h;_1 < n — v + 1. To disentangle the terms in A
we need O(hj — hj_1) samples and so we need at most O (v(n — v + 1)) samples to
disentangle all A;, j = 1,..., v. Note that we have overestimated each h; — h;_;
byn —v+1,whileifone h; —hj | =n —v + 1, all others equal 1. The procedure
is repeated when working with the identifications shifts 61, ..., 84—1, leading us to a
grand total of

0((d+1)1max v(n—v+1)>. (20)

<v<n

Remains to discuss the issue of a vanishing A,;;. For simplicity, but without loss
of generality, we discuss the situation where one of the coefficients A; given by (12)
vanishes, in other words A; = A;1(0) = 0 with Aj;(x) given by (15). So besides
encountering a collision, the result of the collision is now also zero.
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998 A. Cuyt, W.-s. Lee

If some A; = O then the rank of the matrices in (4) is less than v and will not
reveal the correct value for v. Of course, the accidental cancelation of a coefficient

A j happens only with very small probability. It suffices either to probe f(x1, ..., xq)
along another (random) choice for the vector A [11, 28], or if one absolutely wants to
extract the information (¢;, A) for the originally chosen A, to probe f(x1, ..., xq)

along one or more (random) parallel shifts of A, as in
Fs .= f(sAy + ke, ..., sAg + ke), s=0,...,n, k=1,2,... (21
Such a shift affects the coefficient A in that it changes from A ;(0) to
Ajke) = Oh;_\+1€Xp ((¢h_/_1+1» ke)) +...+ap; exp ((th_/., ke)) .

The rank of the matrices in (4) when filled with the values in (21) either confirms
the already computed rank v or reveals a higher and more probably correct rank v.
The random probing or parallel translation can be added to every stepi =0, ..., d—1
in the procedure when selecting §g = A, 8, ..., 84—1 without impacting our data
usage analysis in (20).

All the above is now illustrated with an example in which we take the reader through
the entire process, first collision-free, then including collision disentanglement.

6 Numerical illustration

We take d = 2, write u := x1, v := x2, x = (u, v)! and consider the exponential sum

4
fau,v) =" ajexp((g;, x)

j=1
with
¢1 = (—0.5,1+ 127 x 0.5), a; = 1.7exp(i27/10),
¢ = (0.1 + 12w x3.4,1.5+ 12w x 5.2), ar = 1.1exp(i27/20),
¢3 = (0.1 + 127 x 3.4, —0.5+ 127 x 12.6), a3 = 0.9,

¢4 = (—2.54+ 127 x 23.2, =10+ 127 x §82.3), og = 9.2exp(i27/2).

When outputting numerical results for this small scale example, we round all val-
ues to 4 significant digits (all relative errors are less than 5 x 10™4). The numerical
effect of the choice of the vectors A and §; throughout the process, and that of the
underlying one-dimensional Prony-like method in use, is beyond the scope of this
paper and will be the subject of further investigations.

First we show the simple case described in the Sections 2 and 3, where the number
of terms n = 4 is known up front and no collisions of the inner products in the
samples occur. Of course, the latter is hard to predict in practice.
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We take A = (0.01,0.01) and §; = (—0.01, 0.01). Using 8 equidistant evalua-
tions at x = sA,s = 0,...,7, we obtain from (4) the values of exp(®;) and can
deduce the ®;, j =1,...,4 because [I¢;;| < /|A;]:

d; =< ¢1, A >~ 0.005000 + 0.031421,
Dy =< ¢y, A >~ 0.01600 + 0.54041,
®3 =< ¢3, A >~ —0.004000 + 1.0051,
Dy =< ¢4, A >~ —0.1250 4 0.34561.

We obtain the coefficients «j, j =1, ..., 4 from (6):

a1 ~ 1.700 exp(i27 x 0.1000),
ar ~ 1.100exp(i27 x 0.05000),
a3 & 0.9000

g ~ 9.200exp(i27 x 0.5000).

From 4 additional evaluations along the identification shift §;, we obtain the val-
ues of exp(®11), exp(P21), exp(P31), exp(P41) from (8). Their exponents are the
projections of the vectors ¢; along ;:

®1; =< ¢1,6; >~ 0.01500 + 0.031421,
Dy =< ¢, 81 >~ 0.01400 + 0.11314,
D31 =< ¢3, 61 >~ —0.006000 + 0.57811,
Dy =< ¢, 81 >~ —0.07500 + 3.7131.

We finally obtain the values of ¢; = (¢;1, ¢;2)" by solving foreach j =1, ..., 4

Ay Az (dj) _ (P
Su1 812) \@j2 Qi)
This leads to the following numerical approximations for the ¢;:

é1 ~ (—0.5000, 1.000 + 127 x 0.5000),
$r ~ (0.1000 + 127 x 3.400, 1.500 + 127 x 5.200),

¢35 ~ (0.1000 + 127 x 3.400, —0.5000 + i27 x 12.60),
bu ~ (=2.500 + 127 x 23.20, —10.00 + 127 x 82.30).

So far we have used 12 samples in total, which indeed equals (d + 1)n. Next
we deal with the situation in which neither n is known, nor the assumption of the
non-collision holds.

One additional evaluation in the first batch, at x = 8A, would ideally (meaning
that the numerical rank is easy to detect) and with high probability (meaning that we
don’t accidentally hit a root of the determinant) have revealed that n = 4, still under
the assumption that no collisions occur at the inner products. But let us instead move
to other directions A and §; that get us in trouble because of colliding inner products.

Take A = (0.03,0) and §; = (0, 0.01). The projections of ¢, and ¢3 along A
clearly coincide. After 7 evaluations at x = sA,s =0, ..., 6 we found that vy = 3

@ Springer



1000 A. Cuyt, W.-s. Lee

and we obtain from (11) that (without actually knowing the values of the & ; which
we list only to help the reader follow the example):

Py, =< ¢1, A >~ —0.01500,
®p, =< ¢3, A >~ 0.003000 + 0.64091,
Dp, =< P4, A >~ —0.07500 4 4.3731.

We proceed without knowing n and without knowing whether and where some
collisions have occurred. But we know, since d = 2, that after adding an independent
shift vector &1, all terms will have revealed themselves.

So we add evaluations Fyp; = f(ket A +s81) with = 1,2,3ands = 1,2,...
For simplicity we choose k1 = ¢ — 1. With £ = 1 and s = 1,2 we find that the

matrix
A A
A Aoin )’
where the Agj; are computed from (14), has rank 1 and so 2y = 1 = g;. With £ = 2
and s = 1, 2, 3, 4 we find that the matrix

Ay A A

A1 Al Az
Ay A3z A

has rank 2. This indicates with high probability that there are 2 terms coinciding
at @y, (hence hp = 3 and go = 2, g3 = 3). Remember that in order to obtain
A1, 1 < s < 4, we need to solve (13) which involves the samples Fyji,1 < j < 3.
Hence, continuing the sampling for £ = 2 drags along ¢ = 1, 3 at the same time. In
other words, we are now spending 3 x 4 samples for £ = 1, 2, 3 rather than only 4
samples for £ = 2.

We now reveal (¢, 81) and (¢3, §1) by solving the generalized eigenvalue problem

(R 3) = (2 22
With £ = 3 and s = 1, 2 we find the same conclusion as with £ = 1, now for
( Az A131>
Azl Az )’
and so v =4 with h3 =4, g4 = 4.

At the expense of a total of (2 x 3 + 1) + 3 x 4 = 19 evaluations, we find that
n = 4 and we can identify all ¢;; and o for j =1,...,4andi =1, 2.

7 Conclusion
In 1795 the French scientist G. de Prony showed that a univariate linear combination

of n exponential terms with unknown real but mutually distinct exponents could be
fitted uniquely to 2n data samples. His result solves the d = 1 case of this paper.
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The current paper is the first of its kind where this result is proven to hold for general
d > 1: a multivariate linear combination of n exponential terms with unknown inner
product exponents can, under mild conditions, be fitted using only (d + 1)n data.
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