Abstract

COMER, MATTHEW T. Error Correction for Symbolic and Hybrid Symbolic-Numeric Sparse
Interpolation Algorithms. (Under the direction of Erich L. Kaltofen.)

We introduce error correction to two problems of sparse polynomial interpolation. In the
first problem, we recover a t-sparse polynomial f(z) (in the power basis) from values f(w~!),
i=1,2,...,2t(2E + 1), where w is a field element of our choice, and at most F values contain
random /misleading errors. Our algorithm is adapted from the linear recurrence-based algorithm
of [Prony III (1795), J. de I’Ecole Polytechnique, 1:24-76]. In the exact setting, error correction
is implemented directly in the computation of the minimal generator of the linearly recurrent
sequence {f(w™1)}. In the numeric setting, where every evaluation is perturbed by a small
relative “noise” error and at most E evaluations are perturbed by large “outlier” errors, we
appeal to the results of [Kaltofen and Lee 2003, J. Symbolic Comput., 36(3-4):365-400] and
[Kaltofen, Lee, and Yang 2011, Proc. 2011 Internat. Workshop on Symbolic-Numeric Comput.,
pages 130-136] for computation of the approximate minimal generator.

In the second problem, we compute a shift s that will yield the sparsest representation of
a polynomial f(x) in the shifted power basis (z — s)*. To this end, two algorithms are pre-
sented. The first algorithm computes the representation from polynomials f(w’+ 2) € F[z]. The
polynomials are interpolated densely, using Blahut’s decoding method for Reed-Solomon error-
correction, then the shift s and sparsity ¢ are computed from the error-free “values” f(w'=! 4 z2),
where now ¢ = 1,2,...,2t + 1. The second step employs the results of [Giesbrecht, Kaltofen,
and Lee 2003, J. Symbolic Comput., 36(3-4):401-424]. The second algorithm takes advantage
of the representation f(z) = Y.'_, ci(x — s)% being the Taylor expansion of f(x) at z = s.
Erroneous evaluations are detected by first interpolating f(z) densely, then comparing all eval-
uations to their corresponding values of the interpolant. Both algorithms have adaptations for
the numeric setting; the first algorithm relies on results of [Hutton, Kaltofen, and Zhi 2010,
Proc. 2010 Internat. Symp. Symbolic Algebraic Comput., pages 227-234] to determine the shift
and sparsity.

We also present an algorithm for counting square singular Hankel matrices with entries
from a finite field, where some anti-diagonals on or above the main diagonal (equivalently, on
or below the main anti-diagonal) may be fixed to prescribed values. The count follows one of
three formulas, depending on which anti-diagonals are fixed and to what values. The result
is obtained by extending a result of [Kaltofen and Yuhasz 2013a, ACM Trans. Algorithms, to
appear], where the Berlekamp/Massey algorithm is executed on the sequence of anti-diagonal

values of the matrix.
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Chapter One

Introduction

Error-correcting decoding is ubiquitous in modern computing. With polynomial interpolation
being used as a key step for error-correcting decoding, it is a natural extension to account for
errors in the process of polynomial interpolation itself. Without errors, the process of recovering
a polynomial from a sampling of its points has been studied in various contexts. For example, to
interpolate a polynomial f(z) of degree less than d, one could obtain d evaluations of f(x) (at
distinct z-values) and then solve a Vandermonde system to produce a representation of f(x). It
is important to note that given any set of d points (again, for distinct xz-values), a Vandermonde
system will yield a polynomial of degree less than d that passes through each point: one cannot
simply inspect the proposed interpolant to determine if some evaluations were faulty.

As with many schemes of error-correcting (de)coding, the introduction of redundancy en-
ables the problem of error-correcting interpolation to become more tractable. Specifically, if we
wish to interpolate a polynomial of degree less than d, but we have a bound F on the maximum
number of erroneous evaluations in a given set, then obtaining d + 2F evaluations guarantees
that there can be only one E-error interpolant (i.e., a polynomial that passes through all but
k points, where k < FE). For suppose there were two F-error interpolants, f(z) and g(z), each
of degree less than d. Then it must be that f and g agree for at least d points, which implies
f = g (because the polynomial f — g, also of degree less than d, has at least d roots). As a
counter-example for d = E = 1, consider the d + 2E — 1 = 2 points (z1,y1) and (z2,y2), where
x1 # x9 and y; # yo. Then f(z) = y; and g(x) = yo are each a l-error interpolant for the set of
two points. One can generalize this example for arbitrary d and E (starting with d — 1 points
common to f and g, then including E points unique to each of f and g) to show that d + 2F
points are necessary and sufficient to guarantee uniqueness of the interpolant.

Even when we can certify that all evaluations of a polynomial are correct, there exists the



optimization problem of minimizing the number of evaluations needed to recover the unique
interpolant. Knowing only that a polynomial is of degree less than d, one generally requires
d points for interpolation. However, if we know that the polynomial has few terms compared
to its degree — that is, the polynomial is sparse — then the minimum number of evaluations
may be decreased, due to a phenomenon discovered by Prony during the French Revolution.
In [Prony III (1795)], it is shown that one can interpolate a sum of ¢ exponential functions,
say, f(z) = Zﬁzl c;iby, from only 2t evaluations. Here, Prony used not an arbitrary set of
evaluations, but rather a sequence of evaluations at consecutive multiples of a single x-value:
0,a,2a,...,(2t — 1)a.

Prony showed that this sequence of evaluations satisfies a particular recurrence relation: if

we denote the evaluations by a; = f(i«), then
Y0G0+i + V10140 -+ Ve—10e—14i F a4 =0, 1=0,1,...,t -1,

for some constants ;. (More accurately, the sequence satisfies a homogeneous linear recurrence
relation with constant coefficients, which will continue to be called simply a recurrence relation,
and such a sequence will be called simply a linearly recurrent sequence.) By examining the
ratios aj/ag,a2/ao, ..., a—1/ag, Prony derived explicit formulas for the 7; and showed that
the polynomial A(X\) = (Zf;é YiX') + A factors as A(X) = [Ti_; (A — b$). Thus, from only the
sequence of evaluations, one can determine (through formulas and polynomial factorization) all
of the bases b;. Equivalently, if we re-write f(x) = Zle ¢;b%®, where e; = logy(b;), then we
have A(\) = [T'_; (A — b°1?), so that we wish to recover the exponents e;.

A special case is t = 1: the recurrence relation is given by ypa; = a;11, so that the sequence

is geometric. Indeed,

f((n 4 1)0[) Clb(n+1)ael (bael)nJrl

aeq

f(TLOé) - cpbnaer - (bae1 )n )

from which one can recover e; (knowing b and «). Then the only unknown quantity in f(z) =
c1b%1% is ¢1, which can be recovered immediately from ag = c¢;. For general £, one computes the ex-
ponents eq, e, . . ., e; from the 2¢ evaluations, then one can compute the coefficients ¢1,co, ..., ¢
from any subset of ¢ evaluations (e.g., by solving a ¢t x t Vandermonde system). To relate this
result to polynomials, we note that if we substitute o = logy(w), then this becomes

1 n+1 n+1
f( Ogb(w )) _ blogb(w)el — 0 = g(w )’ for g(a:) = ¢y,

f (logy(wm)) g(wm)

Thus, we can interpolate a polynomial with ¢ terms (called a t-sparse polynomial) from eval-

uations at consecutive powers of a single z-value: 1,w,w?, ..., w? "', Whether we interpolate



sparse functions in an exponential or polynomial basis, the focus is the computation of the re-
currence relation among ag, a1, - . ., as;—1. Furthermore, if some of the evaluations are erroneous,
then we must have some method of accounting for errors in the recovery of the recurrence re-
lation. By introducing redundancy as in the general/dense polynomial example above, we are
able to detect and correct errors, but we appeal to a more modern algorithm for computing a
recurrence relation.

Seventeen decades after Prony’s discovery, Berlekamp introduced a decoding method for
multiple-error-correcting binary Bose-Chaudhuri-Hocquenghem (BCH) codes; Algorithm 7.4 of
[Berlekamp 1968] is presented for determining the shortest feedback-shift-register (i.e., minimal
recurrence relation) of a sequence of digits representing the (possibly erroneous) transmission
of a codeword. (Such a minimal recurrence relation exists due to the module structure of the
space of all sequences being acted-on by the univariate polynomial ring; see, e.g., Section 12 of
[von zur Gathen and Gerhard 1999].) In Berlekamp’s formulation, the recurrence relation gives
the coefficients of the “error locator polynomial” (also called the generator of the sequence),
whose roots are the reciprocals of Galois field elements that represent the locations where errors
occurred.

One immediate advantage over Prony’s method is that Berlekamp’s algorithm iterates
through the sequence, processing one entry at a time: for each n = 1,2, ..., the minimal gen-
erator is found for the first n entries of the sequence, using the computations that produced
the generator for the first n — 1 entries (where the generator for n = 0 is the polynomial 1 by
convention). Berlekamp proved that the degree of the minimal generator (equivalently, length
of the minimal recurrence relation) could be computed at the beginning of each iteration by
testing if the generator for n entries continues to generate the (n 4 1)-st entry.

Whereas Berlekamp’s algorithm was intended for sequences that arise in BCH decoding,
Massey generalized Berlekamp’s algorithm to the realm of arbitrary linearly generated se-
quences, granting the name “Berlekamp Iterative Algorithm” (see Section III of [Massey 1969]),
which later adopted the name Berlekamp/Massey Algorithm. Through direct manipulation of
recurrence relations, Massey showed that the degree of the minimal generator follows a concise
rule: if we denote by L, (a) the degree of the minimal generator for the first n entries of the
sequence a, then L,ii(a) = max{L,(a),n + 1 — Ly(a)}. This property allows the iterative
step of the Berlekamp/Massey Algorithm to depend on a simple switch: whether or not there
is a length change (i.e., Lp+1 > Ly). It is the nature of this length change test that allows us
to introduce error correction to the minimal generator computation: eventually in a linearly
generated sequence, a single error will cause a large increase in the length of the generator.

In Chapter 2, we formally define the problem of error correction for linearly generated
sequences: suppose that a sequence ag, a1, . . . of elements from a field, IF, has a minimal generator

A of degree t. Given a sequence by, b1, . . ., b1 where b; # a; for at most F values of ¢, we wish to



recover A (the intended generator) and correct the errors in the sequence. (Counter-)examples 1
and 2 show that one must have n > 2t(2E+1) for the problem to have a unique solution, at least
when char(F) # 2. Given this lower bound on n, the determination of the intended generator
amounts to a “majority vote” of generator candidates obtained by executing the Berlekamp/
Massey algorithm on each contiguous subsequence of 2t entries; this follows from Lemma 3.
After recovering the intended generator, detection and correction of errors is not as simple
as applying the generator to the entire sequence {b;}, changing entries as necessary to fit
the recurrence. Rather, it may be that an erroneous “block” of 2t entries yields the intended

generator. For example, consider the two sequences

t—2 times

, 0=0,...,0,

i
i

I

0,1, 0, 0, 2
1, 1,0, 2 2

(@]
el

both of which yield —2+\! as minimal generator. Suppose the entire intended sequence {a;} were
a continuation of the first sequence (using —2+ ! to generate further entries), but the erroneous
sequence {b;} were formed by substituting the first block as above. Testing the generator with
the first block as initial input, the recurrence would fail at locations that agree with the intended
sequence. We call such a block as above a “deceptive block”; Theorem 4 proves that a deceptive
block will cause more than F such failure locations, so that one will know to use a different
block as initial input to the generator test. It is also proven that the method works when only
a bound T > t is known.

Thus having an error-correction strategy for linearly generated sequences, Prony’s method
becomes part of an error-correcting algorithm for sparse interpolation. We describe the full algo-
rithm as an adaptation of Ben-Or’s & Tiwari’s algorithm for error-free sparse interpolation (see
[Ben-Or and Tiwari 1988]), which applies Prony’s method to the multivariate case, substituting
a distinct prime for each variable.

We also explore a numeric/approximate adaptation of the univariate case, where we choose
w to be an appropriate complex root of unity (for numerical stability); Section 2.6 describes the
algorithm and presents some experiments where every evaluation is perturbed by a (relatively)
small “noise” error, while only a few evaluations are perturbed by a (relatively) large “outlier”
error. It should be noted that when the evaluations are only approximate, the Berlekamp/
Massey algorithm cannot be directly implemented, as it includes an explicit test for zero (when
determining whether a recurrence relation holds); thus, we appeal to the results of [Kaltofen and
Lee 2003] and [Kaltofen, Lee, and Yang 2011] to compute the approximate minimal generator.
Also, it may be that the majority vote is inconclusive, so we appeal to oversampling: several
sequences of evaluations are obtained, substituting different values for w.

In the exact case where the field F is a finite field, choosing w to be a primitive root of



unity causes the sparse interpolation with errors problem to be dual to that of decoding Reed-
Solomon codes, as shown in Section 2.3. With a result of [Blahut 1983], we present the sparse
interpolation with errors problem from the perspective of error-correcting coding.

Whereas Chapter 2 addresses the problem of sparse polynomial interpolation with errors in
the power basis (1,z,22%,...), Chapter 3 addresses a similar problem, but in the shifted power
basis: 1, (x — s), (x — s)?,... for some constant value s, which is a priori unknown. This results
in an optimization problem: find the value of s that yields the fewest terms in the shifted
representation f(z) = Si_, ci(z — s)°.

For a first interpolation algorithm, we appeal to the results of [Kaltofen and Lee 2003].
Consider that g(x) = f(z + s) is sparse in the (un-shifted) power basis, so the sequence of
evaluations ag = g(1),a; = g(w), az = g(w?), ... is linearly generated by A(\) = [Ji_; (A — w®).
Equivalently, the Hankel matrix H,, = [aiﬂ,g}%:l is singular for m = ¢ + 1, with a column
relation given by the coefficients of A. Furthermore, Theorem 4 of [Kaltofen and Lee 2003] states
that, with high probability, H,, is non-singular for 1 < m < ¢ when w is randomly sampled
from a sufficiently large subset of F.

In [Giesbrecht, Kaltofen, and Lee 2003], by defining two sequences a; = f(w! + z) and
b; = f(wh + z) with 2 an indeterminate for s and wy,ws each randomly sampled, it is shown
that (again, with high probability) if one computes the GCD of the determinants of the m x m
Hankel matrices formed by the two sequences, then z + s will be the first non-trivial GCD,
exactly when m = t + 1. To introduce error correction in the function evaluations, we pre-
condition the evaluations by performing dense interpolation with errors (based on Blahut’s
method for decoding Reed-Solomon codes) on f(w; + z), as a dense polynomial in z.

If we view the representation f(x) = >.i_, ¢;(z — s)% as the Taylor expansion of f at z = s,
then we see that s must be a root of all derivatives of f whose order is not some e;. Thus, we
search for the root where the most derivatives vanish, which immediately gives all values e; as
well. If f has no more than half the possible number of terms, then Theorem 1 of [Lakshman
Y. N. and Saunders 1996] guarantees that the value of s is unique and rational. We show that
one need compute only the 2¢ highest-order derivatives (the highest being the (deg(f) — 1)-st
derivative in this context) to find s, with the possibility of early termination. To compute these
derivatives without having knowledge of s, one would need methods of dense interpolation with
errors to compute the 2t highest-order terms of f. Due to the necessary division in Taylor
coeflicients, we restrict this algorithm to fields of characteristic zero.

We give numeric adaptations of both algorithms, where again we assume that every evalu-
ation is perturbed by a (relatively) small “noise” error, while only a few evaluations are per-
turbed by a (relatively) large “outlier” error. In addition, we focus on the error-locating stage
of Blahut’s method for decoding Reed-Solomon codes. As described in Section 3.3, locating

outliers in a sequence of dense polynomial evaluations (in the exact setting) relies on a sparse



polynomial interpolation, where the exponents of the sparse polynomial correspond to the error
locations in the sequence of dense polynomial evaluations. In particular for the numeric setting,
we explore the relative difference between the magnitudes of noise and outlier in the 1-outlier
case, giving a sufficient condition that will guarantee recovery of the error location. We show
some experiments of what can happen when the magnitude of an outlier approaches that of
general noise.

Chapter 4 addresses the problem of enumerating square singular Hankel matrices with
entries from a finite field [y, specifically when some of the anti-diagonals may be fixed to
particular values. Though not directly related to sparse interpolation, the solution is intimately
connected to the Berlekamp/Massey algorithm, as a Hankel matrix H = [aiﬂ-,g]gﬁj:l can be
represented by the sequence ag,ay,. .., a,—2. By executing the Berlekamp/Massey algorithm
on the sequence, one can determine which leading principal submatrices of H are non-singular,
due to Lemma 2 of [Kaltofen and Yuhasz 2013a]: there will be a length change, L, > Ly,—_1,
exactly when the L,, x L,, leading principal submatrix is non-singular.

We use this property to determine, for any singular Hankel matrix, a unique anti-diagonal
that, if changed to any of the other ¢ — 1 values in F,, will cause the matrix to be non-singular.
This induces a map from the set of singular Hankel matrices to the power set of non-singular
Hankel matrices (see Section 4.3). By showing that the images of the map will partition the set
of non-singular matrices, we can prove the already-established property that a fraction of 1/q of
all Hankel matrices are singular. In addition, because the singularity-controlling anti-diagonal
is found on or below the main anti-diagonal, we can determine singularity when any of the anti-
diagonals on or above the main anti-diagonal are fixed (while the other anti-diagonals range
over Fy). Theorem 5 shows the three cases for counting square singular Hankel matrices, which
depend on the choice of fixed anti-diagonals and the values of those anti-diagonals. The result
is analogous when some anti-diagonals are fixed on or below the main anti-diagonal, but not
when anti-diagonals above and below the main anti-diagonal are fixed.

We also provide counts for the number of block-Hankel matrices with block generic rank
profile, i.e., matrices H of rank mr (where blocks are size m x m) such that rank(Hy) = mk
for k=1,2,...,r, where Hj is the k x k block leading principal submatrix of H. We compare
this result to that of [Kaltofen and Lobo 1996], where Toeplitz matrices of generic rank profile

(i.e., block size 1) are counted.



Chapter Two

Sparse Polynomial Interpolation
with Noise and Outliers (SPINO)

This chapter is [Comer, Kaltofen, and Pernet 2012], except for the modifications listed in Note 2.

2.1 Introduction

The problem of reconstructing a sparse polynomial from its values stands at the nexus of
symbolic and numeric computing. The astounding success of the numerical versions of the
exact symbolic sparse interpolation algorithms [Grigoriev and Karpinski 1987; Ben-Or and
Tiwari 1988; Kaltofen, Lakshman Y. N., and Wiley 1990; Kaltofen and Lee 2003], namely the
“GLL”-algorithm [Giesbrecht, Labahn, and Lee 2009], in medical signal processing by Annie
Cuyt, Wen-shin Lee, and others (see, e.g., http://smartcare.be) leads to a statistical problem

variant: allow for outlier measurement errors in addition to noise.

2.1.1 Exact Sparse Interpolation With Errors

We begin by investigating the exact, symbolic problem formulation: we give algorithms that
reconstruct a sparse polynomial from its values even if some values are incorrect. More precisely,
we give algorithms that from 27'(E+1) values at points of our choice (evaluations at consecutive
powers of an element, e.g., roots of unity) can compute a t-sparse interpolant, where the input
includes upper bounds T' > t and F > e, where e evaluations are incorrect. The output can be
a list of at most E interpolants, but necessarily containing the correct one. We can produce a

unique t-sparse interpolant from 27 (2E + 1) evaluations at points of our choice. Our method
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is based on Ben-Or’s and Tiwari’s (1988) algorithm, which computes the sparse support (the
set of non-zero terms) via a linear recurrence. We compute the linear generators for multiple
segments of the sequence to expose the faults in some of the segments.

We also study on its own the Berlekamp/Massey algorithm on input sequences with faulty
elements, and show that uniqueness of a linear generator of degree ¢t cannot be guaranteed from
a sequence segment of < 2t(2e + 1) consecutive elements with e errors. For sequence segments
of > 2T'(2E + 1) consecutive elements with e < E errors, we not only can easily recover the
unique linear generator of degree t < T where the bounds T, E' are input, but we can also locate
and correct the errors. For sequences arising in sparse interpolation, fewer elements may suffice
for a unique interpolant, as we do not have the corresponding counterexamples.

The exact dense interpolation problem with errors is studied in [Khonji, Pernet, Roch, Roche,
and Stalinsky 2010]. The exact sparse problem is also investigated in [Saraf and Yekhanin 2011],
where it is assumed, as we do not, that the support of the sparse polynomial is known. However,

Saraf’s CCC ’11 talk has motivated our investigations.

2.1.2 The Nature of Noise

In numerical data, noise is a result of imprecise measurement or of floating point arithmetic.
It is assumed that there is some accuracy in the data. In digital data, noise spoils several
bits and accuracy is measured as having a small Hamming distance. When approximating a
transcendental function by a Taylor series or Padé fraction, noise is the model error of the
inexact representation. Hybrid symbolic-numeric algorithms have traditionally assumed that
the input scalars have with some relative error been deformed. For instance, if one allows
substantial oversampling, a sparse polynomial can be recovered from numerical noisy values,
where each value has a relative error of 0.5 [Giesbrecht and Roche 2011], perhaps even 0.99, with
still more oversampling. Here we consider errors in the Hamming distance sense, i.e., several
incorrect values without assumption on any accuracy. But we can combine our model with that
of numerical noise in all other values, hence we borrow the statistical term outlier for the nature
of these errors.

One could also presume, as Annie Cuyt does, that the black box mechanism that produces
the values for our interpolant, with possibly both inaccuracies and outlier errors, represents an
unknown, possibly irrational, function that the sparse polynomial model approximates. However,
the model fitting algorithm cannot distinguish errors in the model from noise and outliers in the

values, at least not if the produced errors are independent on the locality of the input probe.



2.1.3 Numeric Sparse Interpolation

Linear recurrence-based sparse interpolation goes back to the French revolution [Prony III
(1795)]. In fact, Prony’s algorithm is Ben-Or’s/Tiwari’s if one replaces the polynomial variables
by exponential functions x = e¥. For imaginary replacements @ = e*¥ one obtains periodic
sparse sinusoid (finite Fourier) signals (cf. [Cadzow 1988]). Prony’s algorithm disappeared from
numerical analysis books for reason of conditioning [Wen-shin Lee, private communication]. The
probabilistic analysis of the randomized early termination algorithm [Kaltofen and Lee 2003]
together with analysis of the distribution of the corresponding condition numbers [Giesbrecht,
Labahn, and Lee 2009; Kaltofen, Lee, and Yang 2011] now justifies its use, even numerically.
Ill-conditioning arises precisely at the point of termination, and condition number estimation or
stochastic input sensitivity analysis can be used to identify this point. Already Prony’s paper

shows that the sparse terms can have negative, and possibly rational, exponents.

2.1.4 Numeric Outliers

Important variants of our algorithms can deal with numerical noise, from floating point or
empirical input values, and outliers. We demonstrate that the Prony-GLL style algorithms
[Giesbrecht, Labahn, and Lee 2009; Kaltofen, Lee, and Yang 2011] are applicable to our major-
ity voting approach by describing our early-terminated numeric version of the Ben-Or/Tiwari

Algorithm; some particular examples are given in Section 2.6.

2.1.5 The Ben-Or/Tiwari Algorithm

We briefly review Ben-Or’s/Tiwari’s algorithm in the setting of univariate sparse polynomial
interpolation. Let f be a univariate polynomial, m; its distinct terms, ¢ the number of terms,

and ¢; the corresponding non-zero coefficients:

t ¢
f(z) = chxej = chmj #0,e; € Z.
j=1 j=1

Theorem 1. [Ben-Or and Tiwari 1988] Let b; = w®, where w is a value from the coefficient
domain to be specified later, let a; = f(w') = 23:1 cjb§7 and let A(\) = H;zl()\ —bj) =
Ay X ey, The sequence (ag, a1, . . .) is linearly generated by the minimal polynomial

A(z).
The Ben-Or/Tiwari algorithm then proceeds in the four following steps:

1. Find the minimal-degree generating polynomial A for (ag, a1, ...), using the Berlekamp/

Massey algorithm.



2. Compute the roots b; of A, using univariate polynomial factorization.
3. Recover the exponents e; of f, by repeatedly dividing b; by w.

4. Recover the coefficients ¢; of f, by solving the transposed ¢ x ¢ Vandermonde system

11 o 1] el Taol
bl bg bt Co al
R ST -l I % R

By Blahut’s theorem [Blahut 1979; Massey and Schaub 1988], the sequence (a;);>0 has linear
complexity ¢, hence only 2t coefficients suffice for the Berlekamp/Massey algorithm to recover
the minimal polynomial A. In the presence of errors in some of the evaluations, this fails. Our

work shows how to overcome that obstruction.

2.2 Length Bounds for Computing Linear Generators From Se-

quences with Error

2.2.1 Necessary Length of the Input Sequence

Example 1. Suppose the base field is F, where char(F) # 2. Given e,t > 1, let 0 denote the

zero vector of length ¢ — 1. Consider the following sequence of length 4¢:
e = 1N

~~
1 =1+ X

Here, the underbrace and overbrace represent distinct “corrections” that would yield two
different minimal linear generators (1 + A! and —1 + !, respectively). If we concatenate this
sequence with itself e — 1 times, then append the sequence (0,1, 0), the result is a sequence of
length 4et + 2t — 1 = 2t(2e 4 1) — 1, where two sets of “corrections” would each yield a different
minimal linear generator. Thus, at least 2¢(2e + 1) sequence entries are necessary to guarantee

a unique solution.

Example 2. Suppose again that the base field is F, where char(F) # 2. Let « be an e-th root

of unity, for e even, and consider the following sequence of 2(2e + 1) — 1 entries:

(1,a,... a1 —a, . (—a)e_l, La,...,a 1, —a,..., (—a)e_l, 1).

10



If the odd powers of —a are changed to odd powers of o, then —a + A is the minimal linear
generator. However, if the odd powers of « are changed to odd powers of —«, then o + A is the
minimal linear generator. Note that there are e changes made to the sequence in either case.
Thus, at least 2(2e + 1) entries are required to guarantee a unique solution when ¢ = 1.

For the case t > 1, we place the zero-vector of length ¢ — 1 in between each entry above,
and on each end of the sequence. Again, we see that at least 2t(2e + 1) entries are required to
guarantee a unique solution.

As an explicit example, let e = 4, t = 1, and consider the following sequence:

i —i i —i
(1, ¢ ,—-1, —¢,1, —¢,-1, ¢« ,1, ¢ ,—1, —¢,1, —¢,—1, ¢ ,1).
~ ~ ~ ~
—1 7 —1 3
When e is odd, we can take the example for e + 1, remove the last 4t entries, then change the
last a® to —a®. The resulting sequence has 2t(2(e + 1) + 1) — 1 — 4t = 2t(2e + 1) — 1 entries,
as in the case where e is even. As an explicit example, let ¢t = 1 and e = 3. We start with the

example for e = 4:

3 3

o a,\ (0% aA

2 3 / 2 3 2 3 2 3

(1, a ,0* o, 1, —a,a”,—a’, 1, a ,a° o’ 1, —a,a”,—a’, 1)
—Q 7a3 —Q 7a3
then modify it to
a a3 a3
= ~ =
(1, a o2, o 1,—a,a? a1, a ,a? —a3,1)

-« —a3 -«

2.2.2 Bounds on Generator Degree and Location of Last Error

Lemma 1. Suppose the infinite sequence (ag, ay,...) has monic minimal linear generator A(\)
with A(0) # 0. If we introduce errors into the sequence, with the last error at entry k, then
NeA(N) is the monic minimal linear generator of the infinite sequence (b, bi,. .., bp—1, ak,

Ak41,--.), where bi_1 # ap_1.

Proof. Write the monic minimal linear generator of the erroneous sequence as A'Z()), where
Z(0) # 0. The polynomial A*A will generate the erroneous sequence, which implies A'Z | AFA.
Note that for m = max{l,k}, A and = are both linear generators for (am, @m+1,...), but A is
minimal by Lemma 3, so A | Z.

Let Z = AT. Then I' is monic and has a non-zero constant term (because both A and =
do), so then M'AT | \¥A, say MAT'p = A¥A. Then we have N'A(I'p — \¥=!) = 0, which implies

11



I'p = A=l because A # 0, where | < k due to the divisibility statements above. Thus, both T
and p are monomials in A, but this forces I' =1, so = = A.

To finish the proof, note that if | < k, then A'= = M'A would fail to generate (bo, b1, ..., b1,
Ak, At 1, - - - Qktt—1), SO we must have [ = k and the minimal linear generator of the erroneous

sequence is AFA. O

Theorem 2. Suppose the infinite sequence (ag,a1,...) has monic minimal linear generator
A(X) with A(0) # 0 and deg(A) = t, and suppose that errors are introduced into the sequence,
with the last error occurring at entry k. If only bounds for t and k are known, say, t <T and
k < K, then Algorithm 1 and Algorithm 2 can be used to recover A and the intended sequence,
if given min{ K + 2T,k +t+ K + T} entries of the erroneous sequence.

Proof. If given K + 2T entries, then calling Algorithm 1 on the sequence (axio7—1, K 1272,
...,ag), which contains no error, will return Ay, (i.e., the scaled reciprocal polynomial of A) by
Lemma 4. We can then call Algorithm 2 with Ay, K, and (ag+7-1,aK+7—2,--.,a0) as input.

However, if T' > t, then K + 2T entries may be more than necessary, as we may be able
to find A from an early-terminated Algorithm 1 running in the forward direction. Specifically,
if a sequence has a monic minimal linear generator of unknown degree d and d < ¢, where
9 is known, then Algorithm 1 will compute the (reciprocal polynomial of the) generator after
processing 2d entries. After processing d + ¢ entries, any future discrepancy would cause the
degree of the generator to exceed §, so the algorithm may stop; see Theorem 5 of [Kaltofen
and Yuhasz 2013a]. Here, we have d = k +t (by Lemma 1) and § = K + T, so Algorithm 1
may stop after processing k 4+t + K + T entries, which will be fewer than K + 2T entries when
T>k+t. O

2.3 Reed-Solomon decoding

We show in this section that the problem of sparse interpolation with errors is dual with that
of Reed-Solomon decoding. This rapid overview on error correcting codes is not comprehensive.

The reader can refer to [Moon 2005] for a treatment of the subject in appropriate details.

2.3.1 Reed-Solomon as Evaluation Codes

The popular Reed-Solomon codes can be defined (as in their original presentation by [Reed and
Solomon 1960]) as evaluation interpolation codes. Let K be the finite field F,, set n = ¢ — 1
and let £ be a primitive n-th root of unity in K.

A message is a vector of k < n symbols from F,, forming a polynomial f = ag + a1 X +

oo+ ap_1 X% 1 of degree at most k — 1. The encoding of the message is the vector of the n

12



evaluations of f in the consecutive powers of &:

11 .1
1 ¢ ... !

c=Bv(f) = (f(), f(E),.... f(€ 1) =Vef, where Ve=| .
N

is the Vandermonde matrix of the evaluation points 1,&,£2,...£" 1. For simplicity, we equate
a polynomial with the vector of its coefficients. This procedure defines the (n, k)-Reed-Solomon

code as the set C of evaluations of all polynomials of degree at most k — 1:

C={(f(&), f(€"),..., F(€"N) | f € Fg[X],deg(f) < K}

Decoding works by a simple interpolation. Suppose that a weight e error ¢ affects the
communication, so that one receives the message ¢ = ¢ + ¢, where e coefficients of ¢ are non
zero. A consequence of the BCH theorem is that if £ = L%_kj and e < E, then c is the unique
codeword at distance no more than F to ¢’. This makes it possible to correct and decode a
codeword affected by up to E errors.

Let I be the interpolation function associated to the points &, &2,...,&". As I is linear, it
satisfies I(c') = I(¢)+I(e) = f + I(g). In particular, the last n — k monomials of I(¢’) are those
of I(e), which form a contiguous subsequence of the Discrete Fourier Transform of ¢ called
the syndrome. Blahut’s Theorem [Blahut 1983] states that the D.F.T. of a vector of weight ¢ is
linearly generated by a polynomial of degree less than ¢. Hence applying the Berlekamp/Massey
algorithm on these n — k > 2t coefficients will recover this generating polynomial, called error

locator: it vanishes at the £ where errors occurred.

2.3.2 Relation with Sparse Interpolation with Errors

To summarize, the Reed-Solomon decoding problem is the following:
Given d € Fy, find f of degree less than k and € of weight t such that d=Vef+e.

This problem has a unique solution provided ¢ < ”—gk In comparison, the sparse interpolation

problem can be written as
Given c € Fy, find an error f and a sparse polynomial € of weight t such that d=f+Ve.

The Vandermonde matrix V; satisfies Vg_1 = Vg-1/n, hence its inverse is a (scaled) Vandermonde
matrix and corresponds, up to sign, to the evaluation function in the powers of ¢~ 1. Left-

multiplying ¢ = f + Vee by Vg_1 makes it a Reed-Solomon decoding problem (based on the
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primitive root £71). This problem has a unique solution provided that the 2t trailing coefficients
of the error vector f are zeros. Hence, a t-sparse polynomial can be recovered from n evaluations
provided that the last 2¢ of them are not erroneous.

Now as the location of a consecutive sub-sequence of 2t non-faulty evaluations is a priori
unknown, one needs to inspect several segments of length 2¢. In the Reed-Solomon decoding
viewpoint, one tries to decode that same sequence with several Reed-Solomon codes (of varying
length, dimension and set of evaluation points). This adaptive decoding is similar to the one
proposed in [Khonji, Pernet, Roch, Roche, and Stalinsky 2010] for decoding CRT codes. In this
context, the uniqueness of the solution is no longer guaranteed. In the following sections, we
will propose two decoding algorithms: the first decodes with the shortest sequence of evaluation
points, but can return a list a several candidates, and the second guarantees a unique solution,
but a with a longer sequence of evaluations, however optimal, with respect to the lower bound

proven in Section 2.2.

2.4 A Fault-Tolerant Berlekamp/Massey algorithm

We address the problem of recovering the minimal-degree monic polynomial that generates a
sequence of n elements, where at most E entries have been modified by errors; we address
this problem first by a heuristic: it returns a list of at most E candidates, but that necessarily
contains the correct one.

We recall in Algorithm 1 the specification of the well-known Berlekamp/Massey algorithm
to find the monic minimal generating polynomial of a sequence; this algorithm can recover the

monic generating polynomial of least degree t from 2¢ consecutive sequence entries.

Algorithm 1: Berlekamp/Massey

Input: (ap,ai,...,an—1), a sequence of field elements

Output: A(\) = ZiL:"o 7AY, a monic polynomial of minimal degree L, < n such that
ZiLioWiai+j =0forj=0,1,....,n— L, —1

Lemma 2. Let S = (ag,a1,...) be an infinite sequence generated by a minimal linear relation
of degree t, so that a;+; = Z;;%) Yjaiv; for all i >0 with vo # 0. Let A(\) = A! — Z;‘:o M.

Then calling Algorithm 1 on any subsequence (a;, ..., a;y2t—1) will return A.

In a sequence of 2T'(E + 1) elements affected by at most E errors, there has to be at least
one clean subsequence of length 27". However, some unlikely combination of errors may lead to

a block of 27T elements for which the Berlekamp/Massey algorithm will produce a degree t < T
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generating polynomial that is not the original generating polynomial. We can discriminate
against some of these false positive cases by checking the generating polynomial against the
remaining elements in the sequence. This is done by Algorithm 2, which can then be used in
Algorithm 3 to select only the polynomials of degree t that generate a sequence of Hamming
distance less than E to the input sequence. Unfortunately, some false positive may still generate
the sequence with less than E errors, as shown in Section 2.2. Section 2.5 will address this issue

with a stronger assumption on the length of the sequence: n > 2T'(2E + 1).

Algorithm 2: Sequence Clean-up (SCU)

Input: AN = ZE:O 7: A%, a monic polynomial of degree ¢, such that A(0) # 0

Input: FE, the maximum number of changes to the sequence allowed

Input: (ag, . ..,an—1) a sequence of field elements where n > 2t + 1.

Input: k < n — 2t — 1, the initial position for clean-up

Output: ((co,...,cn—1),€), a sequence of field elements, such that either e > E or
(co,...,cn—1) is a linearly recurrent sequence of field elements, generated by A, of
Hamming distance at most F to (ag,...,an—1), such that (ck,...,crr2-1) = (ax,
ey Gkg2t-1)

scul  Initialize (co,...,cn—1) ¢ (ag,...,an-1).

If (coy ..., cn—1) is already linearly recurrent of length/degree t or less, then the output

will be ((ag,...,an-1,0).
ScU2 Initialize 7 < k + 2t and e < 0.

scu3  While i <n—1 and e < E, perform steps SCu4-sSCU5.
We re-write sequence entries to force a linear recurrence of length/degree t or less.

scud If Zz':o Yjcjti—t # 0, then set ¢; < — Z;;E VjCitj—t and e < e + 1.
scub  Increment i < ¢+ 1.
scub  Set i<+ k— 1.

scu?7  While ¢ > 0 and e < E, perform steps SCU8-SCU9.
These steps are similar to steps SCU4-SCUD, but process the sequence in the reverse
direction.

scu8 If Z?ZO vjcj+i # 0, then set ¢; +— — Z§:1 %ch and e < e+ 1.
scu9  Decrement ¢ <7 — 1.

scul0 Return (co,...,cn—1),€.
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Algorithm 3: Fault Tolerant Berlekamp/Massey (FTBM)

Input: (ag,...,an—1), a sequence of field elements

Input: T, an upper bound for ¢, the degree of the monic minimal generator

Input: E, an uppper bound on the number of errors

Output: L, a list of pairs ((cop,...,cn—1),A) formed by a sequence of distance less than E
to (ag,...,an—1) and its minimal degree monic generating polynomial. We require
A(0) # 0.

FTBM1 Initialize L < [ ]| (the empty list) and i < 0.
FTBM2 While i < |75 | — 1, perform Steps FTBM3-FTBMG.
FTBM3  Call Algorithm 1 on (agp;, - . ., asrit2r—1); store the output as A.

FTBM4  If A(0) # 0, then call Algorithm 2 on (A, E, (ag, ..., an—1),27T1);
store the output as ((cg,...,cp—1),€).

FTBM5 If e < F, then append ((cg,...,¢n—1),A) to the list L.
FTBM6 Increment 7 < ¢+ 1.

FTBM7 Return L.

Theorem 3. If n > 2T(E + 1), Algorithm 3 run on a sequence altered by at most E errors
returns a list of less than E polynomials containing the generating polynomial of the initial clean

sequence. It runs in O(T*E) arithmetic operations.

Proof. Asn > 2T (E + 1), there has to be an iteration where the segment (asr;, - . ., a2rit2r—1)
has no error, and for which the Berlekamp/Massey algorithm will return the correct polynomial
and the call to Algorithm 2 will fix the sequence with less than E corrections. The complexity

is that of F applications of the Berlekamp-Massey algorithm on 27 elements. O

Note that the condition on the length of the sequence n > 2T'(F 4 1) is the tightest possible
in order to apply a syndrome decoding. Indeed if n < 2T'(E + 1) some errors of weight FE,
eg. e = EZLELC{J eor; where e; denotes the i-th canonical vector, are such that no length 2T
consecutive sub-sequence of evaluations is error-free, and Ben-Or/Tiwari’s algorithm can not
be applied on any part of such a sequence.

On the other hand, this algorithm can also return a list of several candidates. Each recon-

structed sparse polynomial can be tested on a few more evaluations until only one remains.
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2.5 The Majority Rule Berlekamp/Massey algorithm

If one has e errors in a sequence of 2t(2e + 1) linearly generated elements by a generator of
degree t, then e + 1 “blocks” of 2t elements must have the same correct generator. However, it
is not so clear that with the correct generator one can locate and correct the errors, because
an erroneous block could still have the same correct generator. Here, we show that location
and correction of errors are always possible, and that one only needs upper bounds 7" > t and
E >e.

Algorithm 4: Majority Rule Berlekamp/Massey (MRBM)

Input: (ao, - .-, a2r@E+1)-1) + & where (a;) is a linearly recurrent sequence (of degree
t <T) of field elements, and £'is a vector of Hamming weight e < E. Denote this
sequence as (b;).

Input: T, an upper bound for ¢, the degree of the monic minimal linear generator
Input: E, an upper bound for the number of errors in the above sequence
Output: (ag,... ,aQT(2E+1)_1), the intended sequence

Output: A, the monic minimal linear generator of the intended sequence

MRBM1 For i =0,...,2E, call Algorithm 1 on (botari, - - ., bor—1+27%);
store the outputs as A;, respectively.

MRBM2  Initialize L < [0,1,...,2F] and m « 0.

MRBM3  For i € L, perform Steps MRBM4-MRBMT.
We perform a majority vote on the candidates Ag, ..., Asg.

MRBM4  Initialize L; < [ ] (the empty list).

MRBM5  For j € L, perform Step MRBMG.

MRBM6  If A; = A, then set L; «— L; U{j} and L « L\ {j}.
MRBM7  If card(L;) > card(L,,), then set m < i.

MRBMS8  Set A < A,,.

MRBM9  For ¢ € L,,, perform Steps MRBM10-MRBM11.

MRBM10  Call Algorithm 2 on (A, E, (bo, - - -, bar2p41)—1), 27%);
store the output as ((co, - - -, Car@E+1)-1),€)-

MRBM11 If e < E, then BREAK (i.e., proceed immediately to Step MRBM12).

MRBM12 Return (CO, ceey CQT(2E+1)—1)7 A.
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2.5.1 Properties and Correctness

For convenience, we first assume that 7' = ¢. By supplying Algorithm 4 with 2¢(2E+ 1) sequence
entries, we guarantee that during Step MRBMI, at least E + 1 of the A; will be the correct
(“intended”) generator, A, by Lemma 3. If exactly E + 1 of the A agree, then every block with

A as a generator is “clean”, while every other block contains exactly one error.

Lemma 3. Suppose the infinite sequence (ag, a1, ...) has monic minimal linear generator A(\)
with A(0) # 0 and deg(A) = t. Then A is also the minimal linear generator of (ag,ak+1,-..),
for any integer k > 0.

Proof. First, consider k = 1. Let I'(A) be the minimal linear generator for the sequence
(a1,as,...). This sequence is generated by A as well, so we have I' | A, which implies deg(T") <
deg(A). Suppose that deg(I') < deg(A). We have that AI' generates the sequence (ap,ar,

..), so we must have A | AI' as well, so deg(A) < deg(AI'). But deg(AI') < deg(A) because
deg(T") < deg(A), thus we have deg(AI') = deg(A). Both of these polynomials are monic, so
A | AT implies that A = AT, which implies A(0) = 0, contradiction. Thus, deg(I") = deg(A),
so that I' | A implies I' = A (again because both polynomials are monic). We can inductively

repeat this argument to show that A is the monic minimal linear generator for any k£ > 1 as

well. 0
Lemma 4. Suppose the sequence (ag, a1, ...,a2—1) has monic minimal linear generator A(\)
with A(0) # 0 and deg(A) =t, where A = —yg — 1A — -+ — v 1AL + AL, Then the sequence
(agi—1,a2t—2, ..., ao) has monic minimal linear generator A, = (1/70)(=1+y_1 A+ - -+ A1+

o), called the (scaled) reciprocal polynomial of A (see, e.g., [Imamura and Yoshida 1987,
Section V).

Lemma 5. Suppose the sequence (ag,ai,...,a—1) has monic minimal linear generator A(\)
with A(0) # 0 and deg(A) = t, where A = —yg — Y1\ — -+ — %1 AL + XL If we introduce at
most t errors into the sequence, with the last error no later than entry t, or equivalently the
first error no earlier than entry t+ 1, then the erroneous sequence cannot also have A as monic

minimal linear generator.

Proof. First, we consider the case of the last error no later than entry ¢. Suppose that A also
generated the erroneous sequence. Let the last error be located at entry k£ and denote the

erroneous sequence by

(b0, b1, b1, Ak, Qg 1, - - Aty ey G2—1),

where bp_1 # ap_1. Denote by H and H’ the t x ¢t Hankel matrices generated by the first
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2t — 1 entries of the original and erroneous sequences, respectively, and denote by & the vector
(Y0715 - s Ye—1)T. Then HZ = H'Z = (ay, ays1, . . ., a2—1)7, so that (H — H')Z = 0.

Note that row k of H — H' is (ar — by, 0,0, ...,0), so that entry k of (H — H')Z is (ax—1 —
bk—1)70 # 0, contradiction. Thus, the erroneous sequence cannot have f as monic minimal linear
generator.

For the case of the first error no earlier than entry ¢ + 1, let the first error be located at

entry k and consider the reversed sequences (az¢—1,...,ap) and

(th—la th—27 ey bkfbak*Qv Ap—3y ooy Qg—1, .. ,GO),

noting by Lemma 4 that the former sequence has A_ as monic minimal linear generator. The
original erroneous sequence has A as monic minimal linear generator if and only if the reversed
erroneous sequence has Ag as monic minimal linear generator, again by Lemma 4. We then
repeat the argument above to show that the reversed erroneous sequence cannot have Ag as
monic minimal linear generator. Therefore, the original erroneous sequence cannot have A as

its monic minimal linear generator. O

Corollary 1. Suppose the sequence (ag, a1, ..., a—1) has monic minimal linear generator A(\)
with A(0) # 0 and deg(A) = t. Then the one-error sequence (ag, ai,..., ak—2, bp_1, Qg,-- -,

ast—1), bg—1 # ax—1 cannot also have monic minimal linear generator A.

As stated earlier, if exactly E+1 of the A; agree in Step MRBM 1, then each of the E remaining
blocks of 2t entries must contain exactly one error. In this case, we can run Algorithm 2 during
Steps MRBM10-MRBM11 in parallel, correcting each erroneous block with the nearest clean block.

If more than E + 1 of the A; agree in Step MRBM1, then there may be an erroneous block of
of 2t entries that falsely yields the correct generator; call this a “deceptive block”. This block
must contain at least one error in both its first ¢ entries and its last ¢ entries, by Lemma 5. In
this case, we show that Algorithm 2 must return e > F if it is seeded in Step MRBM10 with a
deceptive block.

Theorem 4. If Algorithm 2 is called in Step MRBM 10 of Algorithm / with a deceptive block,
then Algorithm 2 will return e > E.

Proof. For convenience, assume the deceptive block is first, i.e., (b, ..., by—1). Suppose the last
error in the deceptive block is by_1 # ag—1, where t + 1 < k < 2¢. If (bo, bors1, ..., bpre—1) =
(a2t, a2t41, - - -, ax+t—1), then there must be a (non-zero) discrepancy in Step sCU4 in Algorithm 2
for i = k41t —1 because by_1 is the only erroneous value in the test of the linear recurrence, and

is multiplied by A(0) # 0. In this case, an “erroneous correction” will occur (i.e., Algorithm 2

will change bgy¢—1 to b) ;| # Grys—1).
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If there is at least one error in entries by, bot 41, . . ., bg¢—1, then it is possible for Algorithm 2
to make no change before entry bgy;—1, in which case there was at least one “deceptive error”
in the second block. If Algorithm 2 does make a correction before entry byx.; 1, then it is not
necessarily erroneous.

Denote by (cat, c2t41, - - -, Ckt—1) the output of Algorithm 2 when run on entries b, bay+1,
.+ .y bgys—1 (whether or not there is an error). Let ¢; be the last entry such that c¢s # ag; note
that this must exist because by_1 # ap_1, so that Algorithm 2 cannot return (co, c2t41, ...,
Ckit—1) = (@, a2¢41,--.,ak+¢t—1). Considering entries bgy1,bs42,...,bstt, we can repeat the
above arguments to show that there will be at least one correction (erroneous or not) or deceptive
error during the execution of Algorithm 2.

Continuing this process, we see that after entry k, there will be at least one correction or
deceptive error in every block of length t. At least two errors occurred in the first block of length
2t, so there may be at most E' — 2 deceptive errors. At the (E + 1)-st correction, the first block
of length 2¢ must have been deceptive.

To prove why we will see the (E + 1)-st correction, note that in Step MrRBM1 of Algorithm 4,
there must be a clean block no later than the (E + 1)-st block. At this point, we relax the
assumption that the deceptive block is first. The deceptive block must occur before the (E + 1)-
st block in order to be used for seeding in Step MRBM10 of Algorithm 4. To see the (E + 1)-st
correction in Algorithm 2, we need at most 2t + t(E — 2) + t(E + 1) = t(2E + 1) consecutive
entries (including the seeded 2t block), but we are guaranteed at least 2t(E + 2) consecutive

entries. Thus, Algorithm 2 will return e > FE. O

It follows immediately from Theorem 4 that deceptive blocks will be exposed until the first
clean block is found (Steps MRBM9-MRBM11 of Algorithm 4), at which point all remaining errors
will be found and corrected.

Now suppose that T" > t. If the first block of 27T entries that yields A is clean, then the
intended generator A will be found in Step MRBMS of Algorithm 4 and all errors will be detected
and corrected thereafter. If the first block of 27" entries that yields A is deceptive, then we look
to the properties of the corresponding block of 2t entries.

If entries 1,2,...,2t are clean, then there must be an error before entry 27, but the first

non-zero discrepancy after entry 2t, say at entry r > 27", will cause
L, =max{L, 1,7 — Ly_1} = max{t,r —t} >t

by [Massey 1969]. This contradicts the deceptive 27-block yielding A.
If the block of entries 1,2,...,2t is itself deceptive, then we repeat the argument of The-
orem 4, as we will see at least one correction or deceptive error in every block of length ¢,

following entry 2t.
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If the block of entries 1,2,...,2t is itself erroneous, i.e., yields generator I' # A, then we
must have deg(T") < ¢, else Loy > t, contradiction. If deg(T') =t/ < ¢, i.e., if Loy =t/ < t, then

there must be a degree jump before entry 27', say at entry r > 2¢; at this jump, we will have
Lr=max{L, 1,71 — Ly} =r—Le_1=7r—t >2t—t >t

again by [Massey 1969], so in fact Lop > ¢, hence the deceptive block of 27" entries cannot yield
A, contradiction.

If deg(T") = ¢, then there must be a non-zero discrepancy before entry 27, say at entry
r > 2t, else the deceptive block yields I #£ A, contradiction. But then

L, =max{L,_1,r — L,_1} = max{t,r — t} > t,

which again contradicts the deceptive 27-block yielding A.
Therefore, even in the case of T' > ¢, Algorithm 4 will return the intended sequence and

generator.

2.6 Implementation and Experiments of SPINO

We now adopt the strategy of Majority Rule to account for outlier errors in an early-terminated
numeric version of the sparse polynomial interpolation algorithm in [Ben-Or and Tiwari 1988],
which is recalled in the algorithm that follows Theorem 1. Here, we assume only upper bounds
T >t and D > d = deg(f); early termination follows from the algorithm detailed in [Kaltofen,
Lee, and Yang 2011]: instead of executing the Berlekamp/Massey algorithm to determine ¢,
we compute the 2-norm relative condition number of the leading principal submatrices of the
Hankel matrix H = [qu,g]ZZg:l, where up = f(wF™!). Note that by [Rump 2003], for any
Hankel matrix H, the reciprocal of ||[H ||y is the distance from H to the nearest singular
Hankel matrix.

In the numeric setting, we choose for w a complex root of unity, with prime order p > D.
The algorithm also works for interpolation of sparse Laurent polynomials, in which case we
choose p > D — Doy, where Dy is a lower bound on the low degree of f. We implement noise
as a (randomly positive or negative) scaling factor on a random floating-point number between
1 and 5 times || f||2, which is added to each evaluation. Outliers simply multiply a random

position by 5. All computations are done in double floating point precision.

Note 1. Wen-shin Lee has told us that the algorithm will work even when f is a polynomial
and D)oy > 0: the condition p > D — D)y, is still sufficient when determining a value for p. In

particular, the algorithm will work when D)o, = D = d, in which case f(z) = cz? and p > 2.
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Substituting the (complex) 2-nd root of unity w = —1 allows recovery of ¢ in the exact case by

Majority Rule.

As noted in Section 1 of [Kaltofen, Lee, and Yang 2011], the leading principal submatrices of
H are (with high probability) well-conditioned up to and including dimension ¢; the (t+1) x (t+1)
leading principal submatrix will be ill-conditioned unless substantial noise (and/or an outlier)
interferes. Thus, we set a threshold for ill-conditionedness, then obtain an estimate ¢’ for . We
then determine A by obtaining a least squares solution to a well-conditioned ¢’ x ¢’ Hankel
system. (In the exact case, the coefficients of A form the solution to the non-singular Hankel
system.)

After finding the roots b; of A, we take advantage of the fact that w is a prime-order root of
unity, by comparing the arguments of w and b; to determine e; (modulo p, but there is a unique
representative in the set {0,1,..., D} because p > D). Finally, we determine the coefficients ¢;
of f by obtaining a least squares solution to a transposed Vandermonde system.

For Majority Rule to expose outliers, we require 2 +1 segments of 27+ 1 evaluations, where
again we assume there are e < E outlier errors in the evaluations. As suggested in Section 3 of
[Kaltofen, Lee, and Yang 2011], our implementation allows the use of several roots of unity as
(initial) evaluation points in a single execution of the algorithm; in this case, we set ¢’ to the
maximum of all sparsity estimates.

In contrast to the symbolic case, a majority is not guaranteed in the numeric case, because
the numeric algorithm can under- and even overestimate ¢ due to unlucky randomization and
noise, respectively. Similarly, wrong majorities may arise. In the cases where a majority does
not exist, segments with outliers are indistinguishable from faulty noisy ones, so the algorithm
returns FAIL if there is no majority for any root of unity. A hypothetical example of Majority
Rule with four roots of unity and E = 1 (i.e., three segments per root) is shown in Table 1

below.

Table 1: Majority Rule example

Root Sparsity Estimates Majority Vote

w1 ) ) 7 )
w9 - 5 - -
w3 4 6 5 -
Wy 4 4 - 4

Computed Sparsity max{5,4} =5
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When substantial /unlucky noise does interfere, we still may be able to recover some accurate

information. For example, given the 10-term Laurent polynomial
f=482%24+242% — 53222+ 672 —692 " —52 10— 632716 — 3727 R — 252735 41627

with Djow = —100, D = 100, T' = 15, a noise scaling factor of 1077, ill-conditionedness threshold
of 103, and three random roots of unity, a particular randomization (of random floating point
noise distribution and choice of roots of unity) yields an interpolant fy that has only nine terms
and is a poor fit to the noisy evaluations (compared to f itself). However, the nine exponents
of fy are found in f, and || fg||2 has a relative error (with respect to || f||2, ignoring the dropped
monomial) of 0.036.

Another randomization yields an interpolant fiy that has ten terms and is a slightly better
fit to the noisy data than f itself; in this case, ||fioll2 has a relative error (with respect to
| £]l2) on the order of 10~7. Yet another randomization yields an interpolant fi; that has eleven
terms and is also a slightly better fit to the noisy data than f itself, though a worse fit than
f10. However, ||fi1]|2 has a smaller relative error (with respect to | f||2, ignoring the extra
monomial) than || fip]|, which suggests that the behavior of the noise is partially encoded in the

extra monomial of f11, where the coefficient has absolute value on the order of 1076,

2.7 Future Work

Our problem formulation, smoothing over incorrect values during the process of sparse recon-
struction, applies to all such inverse problems, e.g., supersparse polynomial interpolation [Garg
and Schost 2009] and [Kaltofen 2010, Section 2.1], computing the sparsest shift [Grigoriev and
Karpinski 1993; Giesbrecht, Kaltofen, and Lee 2003] and the supersparsest shift [Giesbrecht and
Roche 2010], or the more difficult exact and numeric sparse and supersparse rational function
recovery [Kaltofen, Yang, and Zhi 2007; Kaltofen and Nehring 2011]. Our methods immediately
apply to algorithms that are based on computing a linear recurrence, such as the supersparse
interpolation algorithms in [Kaltofen 2010] and [Garg and Schost 2009]. The former needs no
modification, and for the latter, one uses the majority rule algorithm for the sparse recovery
with errors of the modular images f(z) mod (P — 1), where p is chosen sufficiently large (and
random). The sparse interpolation with errors is at w = (2" mod (zP~! +--- 4+ 1)), where r
is random for early termination. One may assume that some polynomial residues f(w’) mod
(xP~' + ... 4 1) are faulty. The Chinese remaindering of the term exponents with several
p can be done by diversification [Giesbrecht and Roche 2011]. The sparsest shift algorithms
in [Giesbrecht, Kaltofen, and Lee 2003] can be modified similarly. When computing symbolic

polynomial values f(y’ + z) with y and 2z variables one can use Reed-Solomon error correction.
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Algorithms for the supersparsest shift and sparse and supersparse rational function recovery
with outliers in the values are subjects of current research.

As stated in the introduction, an important variant is the hybrid symbolic-numeric algorithm
for noisy sequences that also contain outlier errors. We have demonstrated that our approach can
be combined with the Prony-GLL algorithms [Giesbrecht, Labahn, and Lee 2009; Kaltofen, Lee,
and Yang 2011], which in turn could be incorporated into the Zippel (1990) variable-by-variable
multivariate ZNIPR-algorithm for polynomials [Kaltofen, Yang, and Zhi 2007]. In addition,
numeric Reed-Solomon decoding based on approximate polynomial GCD can be incorporated
into ZNIPR. That and the numeric properties of the sparsest shift algorithm in the presence
of noise and outliers are subjects of papers in preparation. A sparse interpolation algorithm
using blocking and the matrix Berlekamp/Massey algorithm is described in [Kaltofen 2010,

Section 2.2|, which potentially has better error detection/noise reduction properties.
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Note 2. The following modifications have been made from [Comer, Kaltofen, and Pernet 2012].

10.

11.

12.

13.

14.

15.

. Page 7: “interpolations algorithms” has been changed to “interpolation algorithms”.

. Page 9: “is Ben-Or/Tiwari’s” has been changed to “is Ben-Or’s/Tiwari’s”.

. Page 12: the citation in the proof of Theorem 2 has been updated.

. Page 13: “Berlekamp-Massey” has been changed to “Berlekamp/Massey”.

. Page 14: “and the second guaranties” has been changed to “and the second guarantees”.

. Algorithms 1, 2, 3, and 4 have been reformatted.

The input (cg, ..., cn—1) of Algorithm 3 has been changed to (ag,...,an—1).

. Page 16: “are error-free” has been changed to “is error-free”.

. Page 17: “errors in a t of ” has been changed to “errors in a sequence of”

Page 17: “generator of degree ¢, e + 1 ‘blocks’” has been changed to “generator of degree
t, then e 4+ 1 ‘blocks’”.

The title of Section 2.5.1 has been changed.

Page 18: “with bands given by” has been changed to “generated by”.
The title of Section 2.6 has been changed.

Note 1 has been added.

Page 23: “some polynomials residues” has been changed to “some polynomial residues”.
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Chapter Three

|_Sparse Polynomial Interpolation
by Variable Shift

This chapter is [Boyer, Comer, and Kaltofen 2012], except for the modifications listed in Note 3.

3.1 Introduction

Sparse polynomial interpolation algorithms, where the number of values required depends on
the number of non-zero terms in a chosen representation base rather than on the degree of the
polynomial, originate from two sources. One is Prony’s 1795 algorithm for reconstructing an
exponential sum [Prony IIT (1795)] (see also [Brezinski 2002]) and another is Blahut’s exact
sparse polynomial interpolation algorithm in the decoding phase of the Reed-Solomon error
correcting code. Both algorithms first determine the term structure via the generator (“error
locator polynomial”) of the linear recurrent sequence of the values f(w'), i =0,1,2,..., of the
sparse function f. Blahut’s algorithm has led to a rich collection of exact sparse multivariate
polynomial interpolation algorithms, among them [Ben-Or and Tiwari 1988; Kaltofen, Laksh-
man Y. N., and Wiley 1990; Zippel 1990; Lakshman Y. N. and Saunders 1995; Kaltofen and
Lee 2003]. Prony’s algorithm suffers from numerical instability unless randomization controls,
with high probability and for functions of significant sparsity, the conditioning of intermediate
Hankel matrices. The probabilistic spectral analysis in the GLL algorithm [Giesbrecht, Labahn,
and Lee 2004, 2009] adapts the analysis of the exact early termination algorithm of [Kaltofen
and Lee 2003]. The resulting numerical sparse interpolation algorithms have recently had a
high impact on medical signal processing; see the web site http://smartcare.be of Wen-shin

Lee and her collaborators. The GLL algorithm can be generalized to multivariate polynomial
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and rational function recovery via Zippel’s variable-by-variable sparse interpolation [Kaltofen,
Yang, and Zhi 2007].

Already in the beginning days of symbolic computation, the choice of polynomial basis was
recognized: (z — 2)'% 4 1 is a concise representation of a polynomial with 101 terms in power
basis representation. The discrete-continuous optimization problem of computing the sparsest
shift of an exact univariate polynomial surprisingly has a polynomial-time solution [Grigoriev
and Karpinski 1993; Grigoriev and Lakshman 2000; Giesbrecht, Kaltofen, and Lee 2003]. Our
subject is the computation of an approximate interpolant that is sparsified through a shift. One
can interpret our algorithm as a numerical version of the exact sparsest shift algorithms. As in
least squares fitting, noise can be controlled by oversampling (cf. [Giesbrecht and Roche 2011}).
The main difficulty is that the shift is unknown. Our numerical algorithm adapts Algorithm
UniSparsestShifts (one proj, two seq) in [Giesbrecht, Kaltofen, and Lee 2003] to compute
the shift: UniSparsestShifts (one proj, two seq) carries the shift as a symbolic variable z
throughout the sparse interpolation algorithm. Since the coefficients of the polynomials in the
shift variable z are spoiled by noise, the GCD step becomes an approximate polynomial GCD.
A main question answered here is whether the arising non-linear optimization problems remain
well-conditioned. Our answer is a conditional yes: an optimal approximate shift is found among
the arguments of all local minima, but the number of local minima is high, preventing the
application of standard approximate GCD algorithms. Instead, we perform global optimization,
as a fallback, by computing all zeros of the gradient ideal. In addition, our algorithm requires
high precision floating point arithmetic.

In [Comer, Kaltofen, and Pernet 2012], we have introduced outlier values to the sparse inter-
polation problem. There, outlier removal requires high oversampling, as the worst case of k-error
linear complexity is 2¢(2k + 1), where ¢ is the generator degree. However, ours is only an upper
bound for sparse interpolation. The situation is different for Algorithm UniSparsestShifts (one
proj, two seq). Outliers can be removed at the construction stage of the values containing
the shift variable z, by a numeric version of Blahut’s decoding algorithm for interpolation with
errors. The algorithm, numerical interpolation with outliers, is interesting in its own right. As
we will show in Section 3.3, the analysis in [Giesbrecht, Labahn, and Lee 2009; Comer, Kaltofen,
and Pernet 2012] does not directly apply, as randomization can only be applied with a limited
choice of random evaluation points. We have successfully tested it as a subroutine of our nu-
merical sparsest shift algorithm. Note that a few outliers per interpolation lead to a very small
sparse interpolation problem for error location, which can be handled successfully by sparse
interpolation with noisy values.

For the sake of comparison with this algorithm, we restrict to characteristic 0 and compare
a sparse shift representation to a Taylor expansion expressed at a point that will make the

representation sparse. This leads to finding a root common to many derivatives. Combined
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with a weighted least squares fit for removing outliers and tolerating noise, we manage to
compare favorably to the main algorithm.

In Section 3.4, we present the preliminary experimental results that our algorithms can
recover sparse models even in the presence of substantial noise and outliers. See Section 3.4.3

for our conclusions.

3.2 Computing Sparse Shifts

We introduce in this subsection an algorithm to compute a shifted sparse interpolant in a
numerical setting. The exact algorithm accepts outliers and uses early termination; we adapt it
to a numerical setting, considering noisy and erroneous data. It is based on a numerical version

of Blahut’s decoding algorithm.

3.2.1 Main Algorithm with Early Termination.

The Early Termination Theorem in [Kaltofen and Lee 2003] is at the heart of computing a

sparsest shift. Let
t

g(z) = ¢z, ¢;#0forall 1 <j<t,
j=1

be a t-sparse polynomial with coefficients in an integral domain D. Furthermore, let
ai(y) = g(y) € D[y], fori=1,2,...

be evaluations of g at powers of an indeterminate y. Prony’s/Blahut’s theorem states that the

sequence of the q; is linearly generated by H;Zl()\ — ). Therefore, if one considers the Hankel

matrices ~ _
o (6%) . (07
(6%)] (0% e 0G4 ixi )
Hiy) = | . . ) € D[y]"*", fori=1,2,...
Qg1 ... (251

one must have det(H:+1) = 0. Theorem 4 in [Kaltofen and Lee 2003] simply states that
det(H;) # 0 for all 1 < ¢ < t. One can replace the indeterminate y by a randomly sam-
pled coefficient domain element to have det(#;) # 0 for all 1 < i < ¢ with high probability
(w.h.p.).

We seck an s in any extension of the field of K such that for a given f(x) € K|z] the
f(z + z) € D[x]

polynomial f(z 4 s) = h(z) is t-sparse for a minimal ¢. Now consider g(z) = f(z
with D = K[z]. We have A;(y, 2) = det(H;) € (K[2])[y]; note that a;(y,2) = g(y*) = f(y* + 2).
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By the above Theorem 4, the sparsest shift is an s with Axyq(y,s) = 0 for the smallest .

Algorithm UniSparsestShifts (one proj, two seq) computes s as
z + s divides (w.h.p.) GCD(A¢4+1(y1,2), Ar+1(y2, 2)), where y1,ys are random in K;

note that the first ¢ with a nontrivial GCD is possibly smaller for the projection by y = y; and
Yy = y2, but with low probability.

For numeric sparse interpolation with a shift, we assume that for f(z) € C[x] we can obtain
f(¢) + noise + outlier error, for any ¢ € C.

Here only a fraction of the values contain an outlier error, and noise is a random perturbation
of f(¢) by a relative error of 10710, say. Our algorithm returns a sparse interpolant g(x) that at
all probed values (, save for a fraction that are removed as outliers, approximates the returned
f(¢) + noise. Note that probing f at ¢ twice may produce a different noise and possibly an
outlier.

We now give the outline of our Algorithm ApproxUniSparseShift (one proj, sev seq).
Note that because of the approximate nature of the shifted sparse interpolant, there is a trade-
off between backward error and sparsity. Hence we call our algorithm a “sparse shift” algorithm.
Asin Algorithm UniSparsestShifts (one proj, two seq), for L complex valuesy = w2,
..., w" we compute SZ[E](Z) = Ay(w!, 2) from &; (W, 2), € =1,2,..., L. Here the tilde accent
mark ~ indicates that the values have noise in their scalars. As in [Giesbrecht, Labahn, and Lee
2009], we choose the wll to be different random roots of unity of prime order. Our algorithm

consists of the four following tasks:

Step 1: For £ = 1,2,..., L, compute the numeric complex polynomials &i(w[e],z) via a
numeric version of the Blahut decoding algorithm; see Section 3.3. Step 1 is assumed to have

removed all outliers.

Step 2: Compute the determinants SZ[Z](Z) of numeric polynomial Hankel matrices ﬁy](z)

for all ¢, iterating Steps 3 and 4 on i. We perform the determinant computations with twice

the floating point precision as we use for Steps 1, 3 and 4.

Step 3: Determine the sparsity and an approximate shift. Note that the approximate shift

§ is an approximate root of the polynomials Slm(z), 51[2} (2), .., 5Z[L](z). Our method finds the
[¢]

smallest perturbation of the 51 (z) that produces a common root, simultaneously for all £. If

that distance is large, we assume that there is no common root and the dimension of the Hankel
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matrix was too small. It might happen that an accurate shift is diagnosed too early, but then
the constructed model produces a worse backward error.

The 2-norm distance to the nearest polynomial system with a common root s is given by
formula (see [Hutton, Kaltofen, and Zhi 2010] and the literature cited there):

= gt O ( 3217,
m=0

eC o

where d = man{deg(Slm(z))} and in all polynomials, any term coefficients of 2™, where m €
{0,1,...,d}, can be deformed.
In our experiments in Section 3.4, we have only considered real shifts § € R. The optimization

problem is then

S (e + e5©?) /( 3 &), (1)
m=0

CER 4

]

where %SZ[Z] and SSZ[Z] are the real and imaginary parts of the polynomials 5Z[E , respectively. We

find §,.ca1 among the real roots of the numerator of the derivative of the objective function in

(1),

NG a5l N
03, ((R9; ><z;i + (350 D

o

m=

d
= 2@ + (35D %) x (X emm), (@)

=1 m=0

~

~

and choose the root that minimizes the objective function in (1).

We have observed that a larger number L of separate wlf) can improve the accuracy of the
optimal shift, at a cost of oversampling. We have also observed that the optimization problem (1)
and (2) has numereous local optima, some near the optimal approximate shift, which prevents

the use of any local approximate GCD algorithm.

Step 4: With the approximate sparsest shift s, complete the sparse polynomial reconstruc-
tion, as in [Giesbrecht, Labahn, and Lee 2006] and [Comer, Kaltofen, and Pernet 2012, Section 6].
One reuses the evaluations from previous steps, having removed those that were declared out-

liers in Step 1.
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In the remainder of this section, we restrict ourselves to characteristic 0. We now describe a
more naive approach for the same problem. Some early termination can also be achieved here.

Unlike the main algorithm, this one cannot recover errors in the exact setting.

3.2.2 Using Taylor Expansions

Let f(x) = 22:1 ci(r — s)¢ be a t-sparse shifted polynomial of degree d. We can see this

expression as a Taylor expansion of f at x = s :

_SS I
1=0

A sparsest shift is then an s that is a root of the maximum number of polynomials in the list

S={(0f/0x") (z) | i € {0,...,d — 1}}.

Remark 1. It is stated in Theorem 1 in [Lakshman Y. N. and Saunders 1996] that if ¢t <
(d+1)/2 then the shift s is unique and rational. Moreover, the proof gives the stronger statement:

for any other shift §, with a sparsity ¢, one has ¢ > d + 1 — ¢.

This statement is not true in characteristic p # 0: for instance, consider the two shifts —1

and 0 in the polynomial (z + 1)Y =2 + 1 mod p.

Lemma 6. Let Sy be the list of the last 2t elements in S. The root that zeros the maximum

number of polynomials in Soy is the sparsest shift.

Proof. We prove this by contradiction. Assume a shift s appears r times in Sy; and another
shift § appears 7 times. We first notice that the number of elements in S for which § is a root,
and the number of elements for which it is not a root, sum to d + 1. So we have the inequality
FH+t<d+1.

Suppose now that 7 > r. The sparsity of f in the s-shifted basis being ¢, the number of
elements in Sy that do not have § as a root is 2t — 7 < ¢, thus 7 > ¢. On the other hand,
t > d+1—t. Summing these last two inequalities yields 7 + ¢ > d + 1, which is impossible. [

Early termination can be achieved; indeed, under certain circumstances, one need not com-
pute all 2¢ derivatives. For example, suppose that the degree (d — 1) term of f in the sparsest
shifted basis is missing and try 5, the root of (897! f/0z?~1)(x), as a shift; this is the Tschirn-
haus transformation (originally introduced for solving cubic equations). If the “back-shifted”
polynomial f(x+ §) has fewer than (d+ 1)/2 terms, then by Remark 1, 5 is the unique sparsest
shift. We can extend this technique by trying all rational roots in the list S, for a small 7.

Now we state the naive algorithm based on the above, then we modify it for a numeric

setting. Consider first the following exact algorithm:
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Step 1: Compute the exact interpolant using D + 1 calls to the black box, where D > d.
Step 2: Try early termination on Sr, for a small 7, and return if successful.

Step 3: Compute all remaining derivatives in Sy, for § = min(27, D).

Step 4: The sparsest shift is the rational root s that zeros the most derivatives in Spy.

Step 5: The “back-shifted” polynomial f(z + s) gives the support for the sparse polynomial.

This algorithm can be easily translated to a numerical one, based on least squares fitting:

Step 1: Compute a degree-D weighted least squares fit with O(D+F) calls to the black box.
Step 2: Remove outliers by comparing relative errors, then update the fit.

Step 3: Compute the 6 derivatives in Sy (possibly terminate early and proceed to Step 6).
Step 4: The approximate root s that zeros most derivatives is the sparsest shift.

Step 5: The polynomial f(z + s) gives the support for the sparse polynomial.

Step 6: A Newton iteration can be conducted on the result of Step 5 to increase accuracy.

3.2.3 Discussion on the Numeric Algorithm

Step 4 is sensitive to noise and requires more sampling from Step 1. The approximate roots
are determined to be equal up to a certain tolerance (for instance 1072). In Steps 5 and 6, the
coefficients near 0 may be forced to 0 (which would accelerate convergence in Step 6). Step
6 is conducted on the function f(mf,--- ,m},s') = S.F_ m}(x — &), with initial condition
from Step 5, random samples x; and noisy evaluations f(z;); the outliers are removed by
checking relative errors. If the random samples x; are not only taken from data in Step 1, then

oversampling will help “de-noising” the outputs.

Remark 2. It is unknown to us, in the exact algorithm, how to use a number of calls to
the black box in Step 1 depending only on 7', in order to compute the derivatives. However,
it is reasonable to expose the following: we are only interested in the higher-degree terms of
f. Consider the Euclidean division f(z) = Q(x)z9 4+ R(x); then, with high numeric precision

and big random x;, we can recover an approximation of ) by a least squares fit on samples

Fas) /2l ~ Q).
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3.3 Numeric Interpolation with Outliers

Blahut’s decoding algorithm for Reed /Solomon codes is based on sparse interpolation. Suppose

one has values of
fx) =caqa®™ + - oo eKla], deg(f) <d-—1

at powers w': a; = f(w'),i =0,1,2,...,n—1, where n = d+2FE. Furthermore suppose for k < F,
where the upper bound E is known, those values are spoiled by k outlier errors: b; = a;+a}, with
a,'ej # 0 exactly at the indices 0 < e < ey < -+ - <ep <d+2E—1.Ifwisann’th = (d+2E)’th

primitive root of unity, then the n x n Fourier (Vandermonde) matrix V(w) = [w*™]o<i m<n—1
satisfies
11 -1 -1 n—1
W=V(w)  =—-V(w ") where w " =w" ", (3)
n
hence
. o lel 1 .
Wb=Wad+Wa = [g + —V(w Y (4)
n

The last 2F entries in Wb allow sparse interpolation of g(z) = Z§:1 @, T

G=VwMb)=gw™) ford<i<d+2E-—1.
Note that all vectors are indexed 0,1,...,n—1, e.g.,

ag bo
and b=

o
|

an—1 bn—1

By our convention, primed ’ quantities contain outlier information. Thus, as in Section 3.2,
the sequence cy, ¢y, ... is linearly generated by A()\) = ]_[2?:1(/\ — w™%) (called the “error
locator polynomial”), which is a squarefree polynomial by virtue of the primitivity of w. One
may also compute A from the reverse sequence ¢}, L2E_ 15 c LoE_9s- - - Which is linearly generated
by the reciprocal polynomial H?zl()\ —w).

Not knowing k, the probabilistic analysis of early termination as in [Kaltofen and Lee 2003]
and Section 3.2 does not directly apply, as the choice of w is restricted to a primitive n’th root
of unity. Furthermore, the locations e; of the outlier errors a’ej may depend on the evaluation
points w’. Blahut’s decoding algorithm processes all 2E values q.

If one has (in addition to outliers) numerical noise ¢; in each evaluation, namely b =
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a; + aj + €, where |ac; — ag,|/|ac;| > 0 (one may assume that e.; = 0), then

1 - 1
Vi Hd + V(e He
+ - (w™H)d + - (w™H)E,

SO

¢ = (V(w_l)g)l —gw H+VwhHe)y=glwH+gford<l<d+2E -1,

where || < |e1| + - - + |en|. Again, there is an immediate trade-off between noise and outliers:
at what magnitude does noise ¢; become an outlier a/? For now we assume that the relative

error in noise is small, say 10710, while the relative error in outliers is big, say 10°. The recovery

k

of an approximate interpolant g(z) = >_ =1 d’ej 2% for the evaluations ¢ hinges on the condition

number of the & x k& Hankel matrix

~/ ~/ ~/
Cd Cd+1 CdJrkil
~/ ~/ ~/
7 Cav1  Cavz -+ Catk
k= . ) .
~/ ~/ ~/
| Cd+k—1 Ca+k - Ca2k—2]

If the matrix is well-conditioned, the error locations e; can be determined from the approx-
imate linear generator A as in the GLL algorithm [Giesbrecht, Labahn, and Lee 2009; Comer,
Kaltofen, and Pernet 2012]. As is shown there, the conditioning is bounded by 1/|w®* — w®].
Large values there are prevented by randomizing w, as the term exponents e; are fixed for any
evaluation. Using an w” instead of w here, where GCD(r,n) = 1, allows redistributing of the
w®, but the e; may then become different.

A special case is k = 1: In that case
YA A —d -1 _ 1, , —dep =
1 =[Gl = [9(w™") + €] = [ae,w™ ™" +&dl,

which, by our assumption on a large outlier a’el and small noise, is a well-conditioned matrix.

This is the case we tested in Section 3.4.

Remark 3. When the relative difference between the magnitudes of the outlier a, and noise
€0,€1,---,€d+2E—1 1S not so pronounced, erroneous recovery of the exponent e; can occur: we
have (€, ¢4, 1,5+, Cqrap_1) = (€ Cyyy), so the linear generator A(\) = A —w™° can be ap-
proximated by computing

= r,—(d+1 = - —e1 =

Cir1 Qe W (d+l)er 4 €d+1 €ir1 — W “TEq

_ —_ el —
- = - =w + = w. 5
& e e w1 ®)
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For this reason, we define a bound epeise > max; [€;] and assume nenoise < |ag, | so that

‘Ed—l-l’ + |€d| 2nEnoise
= at,| — €l T lal,| — nenoise
1 1

€dr1 — W g

(6)

o —w | =

1 y—d €
G, W™ %1 + €4

By the distribution of complex roots of unity (of order n) on the unit circle, we have that
lwst — W] = |w — 1| = 2sin(7/n) for any integer s. Thus, |© —w™°'| < sin(7/n) will guarantee
| —w™ | < |© — w| for any s # —e; (mod n). Combining this fact with (6) above, we arrive

at the sufficient condition

~ _ 2NEnoise . / Sin(ﬂ-/n)
W < —= ¢ & ise < R 7
S T T e S/ reise <1l 5 sin(re /) "
[abs] [abs]

Table 2 shows some experiments of decreasing © ;. = for a fixed e/ ;... Throughout the
experiment, we have f(z) = 872" —56 20— 62284-972" —732% —42%-83r—10and d—1 = 11,
evaluating at powers of the order n = d +2FE = 14 complex root of unity w = exp(27¢/14). We

add to each evaluation noise, which is implemented as a complex number with polar modulus
[abs]

noise) and polar argument uniformly chosen at

uniformly chosen at random in the range [0, e
random in the range [0, 27]. An absolute outlier value is chosen the same way, but the modulus
([)allbtsl}ierﬂ@gﬁ]ier]; the exponent e; is also chosen uniformly at random from
{0,1,...,d + 2E — 1 = 13}. Each row of the table corresponds to 1000 realizations of the

random variable that generates noise and outliers, re-seeding the random number generator

is in the range [©

with each run. All computations were performed with 15 floating point digits of precision. In
the table, Cy, = sin(m/n)/(2 + sin(w/n)).

The column “% Circle” shows the percentage of runs where |0—w™¢!| < sin(7/n); “% Sector”
shows the percentage of runs where |& — w™ | > sin(n/n), but |© — w™ | < |@ — w?| for any

s # —ej (mod n); “% Wrong” shows the percentage of the remainder of the runs. When the
[abs] /(_)[abs]

noise outlier

is determined mainly by the value of either al, or é;,1/€;, respectively; this corresponds with

ratio € is either sufficiently large or small, one can see from (5) that the value of @
the first and last rows of each section of Table 2, where €441/€4 is far from w™! in general.

However, between the extreme values of &, more interesting behavior can occur. Figure 1
[abs]

moice = 1. Each power of w is

shows two individual algorithm runs of the table rows for e
represented by a “x”; the sphere of radius sin(7/n) is drawn around each power of w, as well as
the corresponding (interior) sector; the solid square denotes w™ ¢!, while the solid circle denotes
€d+1/€q; a complex outlier al, = £ is fixed, then the function @(t&) (for ¢ € [277,27]) is plotted as
a curve, with several points whose label is the relative error of t£ compared to w™*. In Figure 1a,
outliers of relative error less than 6% cause @ to approach 0, so that it becomes infeasible to

compute a reliable guess for e;; here, noise constitutes approximately a 0.38% relative error.

35



Table 2:  Experiments of varying outlier error in the presence of noise

[abs] [abs]

eﬁﬁi @Eﬁsﬂier Cn;“[g{f;] gf;{;’;]sc % Circle % Sector % Wrong
" outlier outlier
2.5e-01  8.0e+00 4.4e+00 4.4e-01 99.7 0.3 0.0
2.5e-01  4.0e+00 8.7e+00 8.8e-01 92.4 5.0 2.6
2.5e-01  2.0e+00 1.7e+01 1.8e+00 47.5 27.0 25.5
2.5e-01  1.0e4+00 3.5e4+01 3.5e+400 17.0 26.1 56.9
2.5e-01  5.0e-01  7.0e+01 7.0e+00 4.2 15.0 80.8
2.5e-01 2.5e-01  1.4e+4+02 1.4e401 1.8 9.2 89.0
5.0e-01  1.6e+01 4.4e+00 4.4e-01 99.7 0.3 0.0
5.0e-01  8.0e+00 8.7e+00 8.8e-01 92.4 5.0 2.6
5.0e-01  4.0e+00 1.7e+01 1.8e+00 47.5 27.0 25.5
5.0e-01  2.0e4+00 3.5e4+01 3.5e+400 17.0 26.1 56.9
5.0e-01  1.0e4+00 7.0e4+01 7.0e+00 4.2 15.0 80.8
5.0e-01  5.0e-01 1.4e+02 1.4e+01 1.8 9.2 89.0
1.0e+00 3.2e+01 4.4e+00 4.4e-01 99.7 0.3 0.0
1.0e+00 1.6e+01 8.7e+00 8.8e-01 92.4 5.0 2.6
1.0e+00 8.0e+00 1.7e+01 1.8e+00 47.5 27.0 25.5
1.0e+00 4.0e4+00 3.5e4+01 3.5e+00 17.0 26.1 56.9
1.0e4+00 2.0e+00 7.0e+01 7.0e+00 4.2 15.0 80.8
1.0e+00 1.0e4+00 1.4e4+02 1.4e+01 1.8 9.2 89.0

By contrast, Figure 1b shows an example where nearly any outlier relative error greater than
0.375% would result in |© — w®| < sin(7/n) for one of three values of s (mod n), so that the
“nearest w® neighbor” criterion is no longer reliable; here, noise constitutes approximately a

0.40% relative error.

Decoding the interpolant Wb can also be done via the extended Euclidean algorithm for
any w with w® # w®: the Berlekamp-Welch algorithm; see [Khonji, Pernet, Roch, Roche, and
Stalinsky 2010]. We will study the numerical properties of variants based on approximate GCD

techniques in follow-up work.

36



(a) (b)

Figure 1: Examples of varying outlier relative error (labeled as percentages). Noise relative
error is approximately 0.40%.

3.4 Implementation and Experiments of NumericSparsestShift

3.4.1 Illustrative Examples for the Main Algorithm

We reversely engineer a noisy black box for

fil)=2@ -7 4+3@@-7°-T@-7"=
— 720 + 49027 — 1543528 + 28812027 — 352946725 + 2964742225 — 1729418252
+ 69175554223 — 181580431222 + 28244502581 — 1976974482, (8)

Our algorithm computes with a precision of 100 floating-point digits (except in Step 2, where
the precision is doubled). To each evaluation, we add random noise causing a relative error of
1 x 10728, For each interpolation problem of a given degree i in Step 1, we add one outlier error
of relative error 5. We use L = 3 different 17’th roots of unity w!¢!.

Step 1 correctly locates each of the outliers in its 21 = 3 x 7 interpolation calls. The relative

2-norm differences

1651 (2) = 81 2)l12/1185 (=) 12
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of the coefficient vectors of the 4 x 4 matrix determinants after Step 2 are 2.126 x 10727,
2.681 x 10727, 6.596 x 10727 for £ = 1,2, 3 all within the added noise (after outlier removal).

The polynomial (2) in Step 3 has 4 real roots, and its minimum objective function value
(1) is at 5 = 6.9989162726 with an objective function value of 2.028 x 107°7, as opposed to the
exact case (without noise) of 2.280 x 10~7* at s = 7 (there is 1 more root with much larger
objective value).

The sparse model recovered from § produces the correct term exponents e; = 3, e3 = 6,
and ez = 10, and the least squares fit at the non-erroneous 252 = 273 — 21 prior black box

evaluations produces the approximate model for (8),
2.009369(x — 5)% 4 2.998102(z — 3)° — 6.997705(x — 5)1°, 5 = 6.9989162726.

The relative 2-norm backward error of the model (with respect to the noisy black box evalua-
tions) is 1.596557 x 1073, while that of fi itself is 5.774667 x 10728, A similar model can be
produced with 90 floating-point digits, but not with 80.

When doubling the noise to relative error 2 x 1072 with 100 floating-point digits, the

computed model is
2.036489(z — )% 4+ 2.992182(z — 5)° — 6.991277(z — 5)°, 5§ = 6.9957389337,

with relative 2-norm backward error 6.222096 x 1073, compared to 1.154933 x 1027 for fi.

Even with relative noise of 4 x 10728, the computed model is
2.125876(x — 5)% 4 2.967832(x — 3)° — 6.972579(x — 5)10, 5 = 6.9848087178,

with relative 2-norm backward error 2.151040 x 1072, compared to 2.309866 x 10727 for fi. At
relative noise of 8 x 10728, the algorithm fails to determine a sparse approximant, even when
increasing the number of sequences to L = 10.

Such failure is deceptive. The lack of sparsity, namely 3 of a maximum of 11 terms, allows
for denser models that provide fits. In addition, a shift of 7 produces large evaluations at roots
of unity, as indicated in the power basis representation of (8). Making the shift smaller and the

degree larger, and considering the polynomial
fo(z) =2 (x — 1.55371)% + 3 (z — 1.55371)% — 7 (z — 1.55371)'%,

we can recover from L = 3 sequences, with a relative noise in the evaluations of 1 x 107, and
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again 1 outlier per interpolation, the approximate model
1.999718(x — 8)3 + 2.998609(z — 5)% — 7.000117(z — 5)'°, 5 = 1.5537114392,

with relative 2-norm backward error 8.000329 x 10~!, compared to 8 x 10~! (to 7 digits) for f
itself.

For this particular example, we see a case of the effect mentioned in [Comer, Kaltofen, and
Pernet 2012], where the sparse model can fit the noisy evaluations nearly as well (and sometimes
better) than the exact black box.

Increasing the noise still, another model with 5§ = 1.5537013193 can be recovered with
relative noise of 2 x 10~'3, where now the model and f; relative 2-norm backward errors are
5.180450 x 1072 and 1.108027 x 10~ ', respectively. In this case, a different choice of L = 3
different 17°th roots of unity was needed in order to compute a sparse model. Both computations

used 357 black box evaluations.

3.4.2 Comparison with the Naive Algorithm

For the examples given above, the naive algorithm recovers the sparsest representation with
noise such as 1 x 107!% and precision 20 floating point digits. The precision obtained is close
to the level of noise (1 x 1078 relative error for the shift and 2 x 10719 maximum relative error
on the coefficients in the shifted basis). The number of calls to the black box is below 170.
For a more demanding example such as a degree 55 polynomial with sparsity 8 and a shift

0~28 is tolerable with precision 200 digits (as

between 1 and 2, a level of relative noise 1 x 1
in an example above). However, the number of calls was above 600 to get a relative error less
than 1 x 1072° on shift and coefficients. Due to the numerical optimization in Step 3, this is
unattainable with the main algorithm, for the moment. The Tschirnhaus early termination was
not used yet.

Besides, with more calls to the black box during the Newton iterations, we can further
increase the precision on the shift and coefficients, this may however be considered as de-noising.

We can also run experiments on a black box of the type P + ) where P is a polynomial
with a sparse shift representation and (). is a dense polynomial of same degree with coefficients
bounded by € — this may be viewed as perturbation on the coefficients. The algorithms described

perform well, however they do not remove outliers if they are introduced as an erroneous term.

3.4.3 Discussion

Our preliminary experiments lead to the following conclusions: Our correction of 1 outlier per

interpolation with Blahut’s numerical decoding is highly numerically reliable. The optimization
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problem in Step 3 requires substantial precision for its real root finding, and is numerically
sensitive when the shift is large and there is noise in the evaluations. Our main algorithm works
well without noise and outliers, or in high precision with noise when the shift is small and the
sparsity is high. We plan to work on a more thorough experimental analysis, including the case
of two or more outliers per interpolation. The naive algorithm gives motivation and potential
for improvements to the main one. On the other hand, the number of calls to the black box in

the former could be reduced.
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Note 3. The following modifications have been made from [Boyer, Comer, and Kaltofen 2012].

1. Page 31: the footnote has been removed.

2. Page 31: “sparsity of f n the” has been changed to “sparsity of f in the”.

3. Page 31: “by Section 2.2” has been changed to “by Remark 17.

4. Page 32: “possibly early terminate” has been changed to “possibly terminate early”
5. Remark 3 has been added.

6. The title of Section 3.4 has been changed.
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Chapter Four

LCounting Singular Hankel Matrices

over a Finite Field

This chapter is [Comer and Kaltofen 2012], except for the changes listed in Note 4.

4.1 Introduction

Throughout the discussion, entries will be taken from the field I, of ¢ elements, and we will

identify a square Hankel matrix

ago aq e Ap—2 Ap—1
aiq as P 0 oy | Qyp,
= [ai+j—2];fj=1
p—2 0d4pn—-1 ... A2n—4 0Ga2p—3
| On—1 G, <o Q2p—3 Q2p-2 ]
with the list [ag, a1, ..., a2,—2]. A Toeplitz matrix is the mirror image [an+i—j—1mjz1~

Our investigation was motivated by the question of Ramamohan Paturi who asked in Octo-
ber 2009 how many Toeplitz matrices over I, with zeros on the main diagonal were non-singular.
Paturi needed the estimate for the complexity of circuit satisfiability for lower bounds [Paturi
and Pudlak 2010].

Daykin (1960) proved theorems regarding the number of Hankel matrices over a finite field
with a specified rank or determinant. Kaltofen and Lobo (1996) established some of Daykin’s

counts using the extended Euclidean algorithm form of the Berlekamp/Massey algorithm for
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polynomials [Sugiyama, Kasahara, Hirasawa, and Namekawa 1975]. Additionally, they gave the
number of square Toeplitz matrices with generic rank profile. Generic rank profile means that
for a matrix A of rank r, the first r leading principal submatrices Ay, ..., A, are non-singular.
We prove analogous results here, albeit with a different approach, for the Hankel case. The
counts for Toeplitz and Hankel matrices of generic rank profile are not the same.

The determination of singularity of a Hankel matrix has a natural connection with running
the Berlekamp/Massey algorithm on the list [ag, a1, ..., a2,—2], and for this reason we count
how many Hankel matrices have zeros along the anti-diagonal in order to answer the question
regarding Toeplitz matrices. Kaltofen and Lee (2003) have observed that the Berlekamp/Massey
algorithm [Massey 1969, cf. Theorem 1] detects the non-singular leading principal submatrices
of a Hankel matrix from those non-zero discrepancies that increase the linear generator degrees,
and that the corresponding sequence elements determine the singularity of the corresponding
leading principal submatrices.

We will use this property to partition the space of Hankel matrices into unique correspon-
dences of one singular Hankel matrix to ¢ — 1 non-singular Hankel matrices. This process
generalizes when particular entries of the list [ag, ..., a2,—2] are fixed to arbitrary values (such
as the case of zeros along the anti-diagonal).

We then investigate the properties of block-Hankel matrices. We have no explicit formula
for how many block-Hankel matrices are singular (with or without certain blocks fixed), but
we present some brute-force counts that we have computed with Maple. Last, we follow in the
theme of [Kaltofen and Lobo 1996] by counting block-Hankel matrices with block generic rank
profile. A block matrix A (of square submatrices of dimension m) of rank mr has block generic
rank profile if for k = 1,2,...,r, we have rank(Ay) = mk, where Ay is the k x k block leading
principal submatrix of A.

The counts for unblocked rank r Hankel matrices are given in [Garcia-Armas, Ghorpade,
and Ram 2011].

4.2 Connection with the Berlekamp/Massey Algorithm

Given a list of n field elements, [ay, ..., a,—1], the Berlekamp/Massey algorithm will produce

for each r € {1,2,...,n} a monic polynomial
Ar=co+cz+--+ CLFlZLT*1 + 2l
of minimal degree L, < r — 1 such that

— CoQ; — C1Ai41 — = CL,—1GitL,—1 = GiyL,, =0,1,...,r—L,—1 9)
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Such a polynomial is called a (minimal) generating polynomial, and L, is called the minimal
length required to generate the first r elements of the sequence. Theorem 2 in [Massey 1969]
states that if a polynomial (of minimal degree L,) generates the list [ag,...,a,—1] but fails
to generate a, (i.e., equation (9) does not hold for ¢ = n — L, ), then the minimal generating

polynomial of [ag, ..., a,| will be of degree L,,11 =n — L, + 1.

We visualize the generating polynomials in the following way: for each r = 1,2,..., n, define
ag ai ar,—2 Qar,.—1 —Co ar,
ai a2 ar,—1  ar, —cC1 ar,+1
H, = Ar = hy
Ar—L,—1  Or-L, Ar—1  Gr-2 —CL,—2 ar—1
L Qr—L, Ar—[,.+1 Ar—2 Ar—1 | —CL,—1| ar |

so that by definition of A, above, we have H, A\, = h, (for r = 1,2,...,n— 1) except possibly in
the last entry (which corresponds to equation (9) for ¢ = r — L,). The last entry of H,\, will
not be a, if and only if A, generates [ag,...,a,—1] but not a,.

Suppose that A, of degree L, < n’ generates [ag, ..., an—1] but not a,. Then the vector

Aw =l 1J''= e, cr,,—1 e 1"
is a null-space vector of the leading (n — L) X (L, + 1) submatrix of the matrix depicted in
Figure 2; the first L, columns of this submatrix form the first n — L,» rows of Hy,_1.

As noted above, Theorem 2 in [Massey 1969] implies that the minimal length required to
generate [ag, ..., a,] i Lyt =n — Ly + 1. Thus, Hy,+q will have n — L,y + 1 columns, and in
fact, the entire (n — L,y + 1) X (n — L,y + 1) leading principal submatrix in Figure 2 will be
non-singular. For completeness, we now give those details in the proof of Lemma 2 in [Kaltofen
and Yuhasz 2013a], which justify that claim.

If we post-multiply the (n — L,» + 1) X (n — L,y + 1) leading principal submatrix
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aop ar,,—1 An—L,,
ar,,—1 az(r,,—1) an—1
| On—L,,/ an—1 A2(n—L,,) |




L+l ———=

TL—L,L/—FQ

Qo ar,, An—L},+1
ai ar,+1
Ly

Ly Lp +1

D S—

'L, r—1 Q! a?L”/fl anfL"/ p—1 Qp,

Ly On—rL,, O [
n — Lnl H 1
an—"L,, An—1 an

An—L,, Qn A2n—2L,,+1

A2n—2L,,+2

Loy, i=Ly=n—Ly+1——>

Figure 2: Berlekamp/Massey algorithm, as seen in [Kaltofen and Lee 2003]
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CL. 0 0 0
CLn/—l CLn/
IL ’
. L, —1 0
Cc1 . CL , 0
" my =n—2L, +1
1 1 C.oer-1 CL,/ ’ ’ (10)
n n mQ — L?’L/
0 1 CL,/—1
(a1 xmz "
0 . C1
C1
0 0 0 1
the result is
r ]f[ (1 xms T
0 0 «o
(0] * my = L ’
* s " , a#0, (11)
0 ok mo=n—2L, +1
0 « *
I o * ko k|

where H is the L, x L, leading principal submatrix of H and « # 0 is the last entry of H,\,.
The (n — L, + 1) x (n — L,y + 1) leading principal submatrix of H will be non-singular if the
above matrix is non-singular, which will happen if H is non-singular. This can be shown as a

consequence of Lemmas 7 and 8 below.

Lemma 7. Given a list [0,0,...,0,a] with o # 0 as the (k + 1)-st entry, the first H, with
L, >0 will be Hey1 =0 0 --- 0 «af.

Proof. The Berlekamp/Massey algorithm initializes Ay = 1, which generates the zero sequence
of any length. Thus we have A1 = --- = Ay =1 and Ly = --- = L = 0, where A generates

ap,ai,...,ax—1 (the zero sequence) but not ar = . We then have

L1 =max{Ly,k — Lp+ 1} =max{0,k -0+ 1} =k + 1,

and Agp g = 2L

So for r < k, H, is of size (r — L, + 1) x L, = (r + 1) x 0 (i.e., a matrix of r + 1 empty
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rows), and Hy1 is of size
(k+1—Lp1+ 1) XLy =(k+1—-(k+1)+1)x(k+1)=1x(k+1),

and thus Hjq has the proposed form. O

With Hj as in Lemma 7, the H, matrices will keep augmenting rows until a length change
(in the minimal generator) occurs. We can show that a length change will not occur until the

H, matrices “fill-up” the rest of the rows of the Li11 X Lp41 leading principal submatrix of H.

Lemma 8. Suppose H, is a leading submatrixz of rows of the L, x Ly, leading principal submatriz
of H, and suppose L, = Ly 1 = -+ = Lpyq < Lpygy1. Then Hyyq will have at least L, + 1

rows, and Hy, 441 will have ezactly L, + 1 rows.

Proof. We see that Hy,, Hpy1, ..., Hpy4 all have the same number of columns, so by the definition
of H, for arbitrary r, these matrices will be formed by augmenting by one row at a time. Also
by the definition of H,, we have

ag e aLp+q_1 ag e aLp_l
Hpq = : : =
Ap+q—Lptq -~ Optq—1 Apt+q—Lp -+ Optg-1
Because of the length change between L, and Ly 441, we will have
Lptqr1 = max{Lptq, (p+ q) = Lptq + 1}
=(P+4q) = Lptgt1

=p+q—Ly+1
> Lprq = Ly,

so that Hy, will have more than L, rows. Also, we will have

ag N CLLp+q+1_1 ag e ap+q_Lp
Hyigt1 = : : =1: .7 : ;
ap+q+1_Lp+q+1 e Uptq aLp e Gp4-q

so that Hp 441 will have L, + 1 rows. O

Corollary 2. If L,y1 > L,, then H,11 is a leading submatriz of rows of the Ly41 X Ly41 leading

principal submatriz of H.
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From Lemma 7, it is clear that the first L, x L, leading principal submatrix of H is non-
singular (for L, > 0). From Lemma 8, we see that when the next length change occurs,
say Lpiq+1 > Ly, Hppq will have at least L, 4+ 1 rows, which corresponds to A, generating
[ag, ..., apyq—1] but not api,. We can post-multiply the L,i, X L,iq leading principal subma-
trix by an appropriate matrix like (10) to obtain a matrix product whose result is analogous
o (11). Because H here is the L, x L, non-singular leading principal submatrix of H, we have
that the Ly, X Ly, leading principal submatrix of H is non-singular.

Using induction on Lemma 8, we conclude that for all n, the L, x L, leading principal

submatrix is non-singular (when L, > 0).

Lemma 9. Given an n x n Hankel matriz H, let v be maximal such that r — L, + 1 < n and
L, <n (i.e., Hy is a submatriz of H but Hy41 is not). Then H,11 will have n+ 1 rows and at

most n columns.

Proof. We make the convention that if Ly = 0 for some s, then Hg has s — Ly +1 = s+ 1 empty
rows, and is (trivially) a submatrix of H.

If L,y1 = L, <n, then we will have

agn al CLLT+1,1 agn aq ... arp,.—1
aj as ... ar, ., aj as ... ar,.
Hyp = : o : =
CLT,LT+1 Ar_1 Ar—[, Ar_1
LOr+1—Lpqpq =+ +o- Qy | | Ar4+1—L, v+ e ar |
H,
= )
| 4r+1-Ly  Gr41—(Ly—1) ~--- Or

so that H,y1 has L,y1 = L, < n columns. By the maximality of r, we must have
n<(r+1)—Lyp1+1=(r—-L+1)+1<n+1,

so H,41 has n + 1 rows.
If Ly41 > Ly, then by Theorem 2 in [Massey 1969] we have L,y; =7 — L, +1 <mn, so Hy41

has at most n columns. Again by the maximality of r, we must have
n<(r+1)—Lepy+1=0C+1)—(r—-—L+1)+1=L,+1<n+1,

so again H,,1 has n + 1 rows. O
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Lemma 9 implies the following for any n x n Hankel matrix H: if we run the Berlekamp/
Massey algorithm on the entries of H, then there will be an r € {1,...,2n—2} such that H, is a
leading submatrix of entire columns of H, and H,; is obtained by augmenting an appropriate

row of entries to H,, but H,; is not a submatrix of H.

Definition 1. We will say that the Berlekamp/Massey algorithm ezits an nxn Hankel matrix H
at r if H, is a submatrix of H but H,; is not. We make the convention thatif Ly =--- =L, =0
(so that H,—1 is n x 0 and Hy, is (n + 1) x 0), then we say that the algorithm exits at n — 1.

Also, we use the terminology exits at 2n — 1 even though ao,_1 is not defined in H.

Lemma 10. Let H be a square Hankel matriz. If A is a non-singular leading principal submatrix
of H, then H. = A for some r > 1, when running the Berlekamp/Massey algorithm on the

entries of H.

Proof. Let

ag N 0 |

ag—1 ... (22

Then because A is a square Hankel matrix, Lemma 9 implies that the Berlekamp/Massey
algorithm will exit A at one of £k — 1,k,...,2k — 1. Let m — 1 be that index and suppose
m — 1 <2k — 2. Then we may write

H,, =

)

(m—Lm+1)x1

A
T

Yy (0%

) hm: [d

(m—Lm~+1)XLm,

where A is an appropriate leading submatrix of columns of A, and a is an appropriate column
of A. Then we have

A:[[l a B},
so that
Am
[A a B}- _1| =o,
0

hence A is singular, a contradiction.

Thus, we must have that the Berlekamp/Massey algorithm exits A at 2k — 1, so that

Hop 1
Hoyyp, = =

A

yT

I

hence Hop_1 = A. ]
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Corollary 3. The Berlekamp/Massey algorithm will exit an n x n Hankel matriz H at one of
n—1n,...,2n—2 if and only if the matriz is singular; the algorithm will exit at 2n — 1 if and

only if the matriz is non-singular.

Proof. By the proof of Lemma 10, the algorithm will exit at 2n — 1 if H is non-singular.
Now suppose that the algorithm exits at 2n — 1. Then Hs,, will be formed by adding a row
to Hop,_1, which will be H itself, and we have

Hay, H

a aLG_l_l

so that

H = Hy, 1=
A2n—1—Lop_1 +-- a2p—2

We see then that Lo, 1 = n, hence H is Lo, _1 X Lo, _1, and thus non-singular by the proof
of Lemma 2 in [Kaltofen and Yuhasz 2013a]. O
4.3 Counting Singular Hankel Matrices

Let H™*™ denote the set of all n x n Hankel matrices. We define maps

nxn nxn

w - non—singular - singular
/
[, ..\ Qky ..y Qon—2] 7> [Q0y -« oy Qp—1, Ay At 1y - - -, QG2n—2]
and
. pnxn nxn
w * "tsingular - P( nonfsingular)

[ag, ..., Ak, ..., Q2p—2] — {[ao,...,ak_l,a;wakﬂ,...,agn,g] ‘ aj, € Fq\ak}

in the following way: we run the Berlekamp/Massey algorithm on the list of entries associated
with a Hankel matrix H, and we let k£ be maximal such that Ly <n and k — Ly + 1 =n (i.e.,
Hj, is a proper submatrix of columns of H). Because Ly < n, Hyy1 will exit H if and only if
H is singular; Hy1 will have Ly > Lj columns (and remain a submatrix of H) if and only

if H is non-singular.
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We may block H as

ap e ar, ar,
[Hk Py B} = : : | B
L Qk—L;, N Qp—1 ag
[ yg ar,

-l ¢+ B

T
Ye—1, ag

where B may be empty, and HiAr — hy, = (0,0,...,0, y,?_Lk/\k —ay)T.

We will have H non-singular if and only if ykT_ Li Ak # ag, again by the proof of Lemma 2 in
[Kaltofen and Yuhasz 2013a], so we define

SD(H) = [(I(], v 7ak—17y%;[,k>\k’7ak+la R a2n72]'

Similarly, if H is singular (so that y,Zl Ly A = ag), then changing aj to any other value will
result in a non-singular matrix, so we define
V(H) ={lao, ..., ak_1,a}, Q41 . . ., a2n—2] ‘ aj, # a}.
Lemma 11. Given H € H*" (v(H))=H.

singular’ ¥

Proof. Given H € H'X" say H = [ag, ..., a2,_2], we run the Berlekamp/Massey algorithm

singular?’

on the list of entries of H to get

V(H) ={lao, ..., ak_1, 0}, Q41 . . ., a2p—2] ‘ aj, # a}.

If we run the Berlekamp/Massey algorithm on (H), then H;, h; and A; will agree for

i=1,2,...,k, and we will have yg_Lk)\k = ay, # aj,. By the discussion of ¢ above, we will have
@(v(H)) = [ao, - -, ar—1, Yi1, Mo Wt 1, - - - A2—2]
= [CLQ, vy Qf—1, Ay Q15+ -+ a2n—2]
=H
as proposed. ]

Lemma 11 immediately implies that if H # H in H**".  then ¢(H)Ny(H) = {0}: if a

N singular’ _ ~
matrix H were in the intersection, then we would have H = ¢(H) = H, a contradiction.
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We now use these maps to count singular n x n Hankel matrices, allowing a collection of

entries to be fixed to prescribed values.

Definition 2. Given an n x n Hankel matrix [ag, ..., a2,—2], we define
L = (Lind) Lval) — ([7:17 ce. 7ik]7 [ala “e ,Oék-])

(where k < 2n — 1) to represent fixed entries in H, where a;; is fixed to ;. When counting

singular Hankel matrices over Fy, we let a; vary over Fy if ¢ € Linq. We will let H}*™ denote

the set of Hankel matrices with entries fixed according to L. Note that card(H}*") = ¢?" =1+,

Theorem 5 (General Count). The number of singular n x n Hankel matrices with entries fized
according to L (as in Definition 2), where either Ling C {0,...,n—1} or Ling C {n—1,...,2n—
2}, is equal to

¢

2, if n—1¢ Ling
or if n— 1€ Ling with some
other j € Ling and oj # 0
o(n,q, L) = ¢ 27F — g2 if n—1€ Ling, an1 #0,
and all other aj =0

q2n_2_k - qn—Q + qn_ly /I’f n—1¢ Linda Qp—1 = 07

| and all other a; =0

Proof. We first prove the counts for Ling C {0,...,n —1}.

Suppose that n — 1 ¢ Ling. Given a singular Hankel matrix H € H}™", we run the Berle-
kamp/Massey algorithm on the entries of H; the algorithm will exit at one of the entries on
the bottom row because H is singular. Note that n — 1 ¢ Li,q implies that o~ (H) will yield a
unique set of ¢ — 1 non-singular Hankel matrices for every singular H € H}*" (because there is
no restriction on any entry of the bottom row). It follows that a fraction of 1/q of the ¢?"~'=*
matrices in H}*™ will be singular.

Next, suppose that n—1 € Lipnq and «; # 0 for some other j € Lijpq. We again run the Berle-
kamp/Massey algorithm on the entries of a singular H € H}*", but now we have a restriction on
an element of the bottom row (i.e., a,—1), which poses a problem if the algorithm exits at a,_i.
However, the condition o # 0 for some j € {0,...,n — 2} guarantees that the largest proper
non-singular leading principal submatrix will have size at least 1 x 1, so the algorithm cannot
exit at a,—1. Thus, the map ¢ is defined for each non-singular H € H}*" and is surjective, so

the count follows as in the case of n — 1 & Ljnq.
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Now suppose that n — 1 € Ling, ap—1 # 0, and all other o € Ly, are zero. Consider the

"=1 such matrices, which are all

subset N of H}*" where ag = -+ = a,—2 = 0; there are ¢
non-singular because a;,,—1 # 0. The map ¢ is not defined on this set because the Berlekamp/
Massey algorithm would exit at a,,—1, and thus ¢ would attempt to change a,,—1 to zero, which
cannot be done. The matrices in N do not contribute to the count, so we restrict the domain
of p to (HE " NH " Gngular) \ IV. As above, the condition a; # 0 for some j € {0,...,n — 2}
guarantees that the map ¢ is defined for each non-singular matrix in H7*™ \ N, and again
is surjective. It follows that a fraction of 1/q of the ¢>"~!=% — ¢"~! matrices in H}*™ \ N is
singular.

Last, suppose that n —1 € Lijnq, a,—1 = 0, and all other a; € Ly, are zero. We consider the
set N from above, but now all matrices in N are singular because a,,_1 = 0. Restricting ¢ to
(HP" N Hﬁ;ﬂ"_singular) \ N yields the same result, so we simply add the ¢"~! singular matrices

in N to the previous count.
To prove the result for Lipg € {n —1,...,2n — 2}, let

0 ... 0
Iy = . : c "

1 00

be the “anti-identity” matrix. Consider the linear transformation
Ty HP™ — HE™ via He J,HI Y,

which is a bijection onto its image, where L’ is the set obtained by mapping each j € Lij,q to
2n —2 —j.
Note that in H7 ", all fixed entries are along or above the anti-diagonal, as they were in
the case of Ling C {0,...,n — 1}. We can therefore use the methods above to conclude the
nxn

same counts in H7". Because T is a bijection onto its image (and preserves singularity /non-

singularity), we conclude the same counts for H}*". O

4.4 Counting Block-Hankel Matrices with Block Generic Rank
Profile

Definition 3. We say that a block matrix A (of square submatrices of dimension m) of rank
mr has block generic rank profile if rank(Ag) = mk for k = 1,2,...,r, where Ay is the k X k

block leading principal submatrix of A.
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Lemma 12. The number of block-Hankel matrices (m x m submatrices arranged in r X r block-

mrXxXmr

barp (7)), s equal to

Hankel form) of rank mr with block generic rank profile, denoted by
me(r—l) ( Hzial(qm - qi))r.

Proof. The proof follows by induction. For the case r = 1, H

mXxXm

blps 18 simply the number of

non-singular m x m matrices over F,, which is H?if)l(qm —qb).
Now let > 1 and suppose that the (r — 1) x (r — 1) block leading principal submatrix A,_1

is non-singular:

[ My My ... M,_s | M, |
My Mo oo M4 M,
H— : . . : Arfl Brfl
Cr1 Moo
M, o M, 1 ... M4 | My _3
| M1 M, ... M3 | Ma—o |

We derive conditions on Ms,_3 and Ms,_o that make H non-singular. It is clear that for
any choice of Mas,._3, the system A,_1X = Mbs,_3 has a unique solution. We now determine

conditions on the columns of My,_s.

Let the columns of B,_1 be denoted by, b1,...,bn_1, and the columns of Ms,_o denoted
g, V1, - - -, Um—1, and consider the matrix
A1 by
Crfl Vo

The system A,_1x = bg will have a unique solution x regardless of by, and correspondingly
the block 2 x 2 matrix above will have full column rank if and only if C,_1x # vg. Thus, there

are (¢ — 1)-many choices for vy.

Next, suppose that we have chosen vy, ...,v;_1 so that the matrix
AT,1 bo R bt,1
Cr—l vo ... Ut—1

has full column rank. Then the matrix

A1 bo ... b1 by
CT,1 Vo ... Vg1 V¢

will have full column rank if and only if the vector (bs,v;)” is not in the span of the previous
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columns. We see that if the system

Arfl
Cr—l

by + Zz 0 a;b;
v + Zi:O o;0;

has a solution, then it will be unique by the non-singularity of A,_;. Thus, for each choice of
(gy...,4-1) € }Fg, there is one vector that v; must avoid, and so there are (¢"™ — ¢')-many
choices for v;. Tt follows that the number of suitable matrices My, o is [[7"5" (™ — ¢*).
Combining this with the fact that Ms,_3 may be arbitrary, we see that the number of block-
Hankel matrices (with A,_; as the mr x mr block leading principal submatrix) that have every
block leading principal submatrix non-singular is me ( H;Z_Ol(qm — ql))
Overall, it follows that there are g™ ("1 ( Hi"if)l(qm —¢'))" block-Hankel matrices of rank

mr with block generic rank profile. O

Theorem 6. The number of block-Hankel matrices (m x m submatrices arranged in n X n

mnxmn

berp (1), is equal

block-Hankel form) of rank mr with block generic rank profile, denoted by H

to

(H( ))T r<n
Sy

Proof. The case r = n is proved in Lemma 12, so we assume r < n. Let H be such a matrix.

fa ) =

Then we can write

My ... M_, M, | My ... My
I_ M,y ... My_o | My_4 My ... Mo
Mr v MQT—l MQ’/‘ M2r+1 B Mn+r—1
Mnfl v Mn+r72 MnJrrfl MnJrr cee M2n72
A | B
Cry1 | Moy D
L Cn MnJrrfl ]

where A, is non-singular. It is clear that for any choice of Ms,_1, the system A, X = B, has a
unique solution.

Let the columns of B, be denoted by, bi,...,byn_1, and similarly let the columns of

55



[MQJ; MZ+T_1]T be denoted wvg,v1,...,Vm_1. As in the proof of Lemma 12, consider the

matrix

A, b
Cry1 vo

The system A,.x = by will have a unique solution x regardless of by, and correspondingly
the block 2 x 2 matrix above will have rank m if and only if C,;12 = vg. The matrix H must
have rank mr, so we see that vy is predetermined.

Next, suppose that

A b bi—1
Cry1 Vo ... Vg1
has rank mr. Then the matrix
A, by ... bi_1 b
Cry1 Vo ... Vo1 U

will have rank mr if and only if the vector (bs,v;)” is in the span of the previous columns, which

is equivalent to (bs,v;)” being in the span of the first mr columns. Given any by, we see that

<[]

will have at most one solution, by the non-singularity of A,. There is a unique choice of v; that

the system
Ay
Cr+1

will make the system solvable: we set v; to Cyy12, where x is the unique solution to A,x = b;.
Thus, vy is predetermined. It follows that Mo, ..., M, +,_1 are predetermined.

Moreover, My 4y, ..., Ma,_o are predetermined, a fact that was corrected by an anonymous
referee. To see why, note that the first mr columns of H form a basis for the column space of

H. If we denote the columns of D by dy,dq,...,d,—»_1, then the matrix

- AT ‘ BT ‘ -
Cr-i—l MQr
. . dy
L Cn Mn+r71 ]

will have rank mr if and only if dy is in the span of the first m(r + 1) columns of H, which
equals the span of the first mr columns of H. By the non-singularity of A,, the resulting
column relation would be unique, so the last m entries of dy (i.e., the first column of M, ) are
predetermined. The same argument follows inductively for every column of D, so that each of

Myir, ..., Moy, o is predetermined.
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Because only Ms,._1 may be arbitrary, it follows that H is one of
) m—1 r 5 ) m—1 r
qm (r—1)<H<qm_qz)> .qm :qm r(H(qm_qz)>
i=0 i=0
many matrices. O

For the case m = 1, Theorem 6 implies that the number of n x n Hankel matrices (with

entries from F) of rank r with generic rank profile is

o @1, r<n
bgrp(r)_ ¢ g —1)" r=n

We can compare this to the result in [Kaltofen and Lobo 1996], which states that the number

of n x n Toeplitz matrices (with entries from F,) of rank r with generic rank profile is

1 2 q—l r—1
q2"_2<1—> (1— 5 ) , 0<r<n
N, = B d :

T n—1
1 -1
q2”1<1—><1—q2 > , Tr=n
q q

We have investigated the properties of block-Hankel matrices, but we do not know explicit

formulas for how many block-Hankel matrices are singular (with or without certain blocks fixed).
Presented below are some brute-force counts for the number of singular block-Hankel matrices

(m x m submatrices arranged in n x n block-form, with entries from F).
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Table 3: Fraction of singular block-Hankel matrices with entries from a finite field

m n q Singular/Total
4 192
- 2704 _2*-13
4096 212

226881 3*.2801

2 2 —

531441 312

5 3 701440 219.5.137
1048576 220

93790208  2'3.107?

32 134217728 227
58080625 5%-19-67-73

2 2 5 =
244140625 512
180158464 216.274

5 4 9 80158464 749

268435456 228
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Note 4. The following modifications have been made from [Comer and Kaltofen 2012].

1. Page 44: The citation of Lemma 2 has been updated.

2. Page 47: “adding rows” has been changed to “augmenting rows”.

3. Page 50: The citation of Lemma 2 has been updated.

4. Page 51: “We may factor H” has been changed to “We may block H”.

5. Page 51: The citation of Lemma 2 has been updated.
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Chapter Five

Conclusion

5.1 Future Work

For counting square singular Hankel matrices, an explicit formula is still not known for the case
of fixing anti-diagonals above and below the main anti-diagonal. Here, specific non-zero values
of fixed anti-diagonals can determine a different number of singular matrices; by contrast, the
General Count of Theorem 5 depends mostly on whether we fix anti-diagonals to zero. For
example, consider the 2 x 2 Hankel matrix denoted by H = [ag, a1, ag]. If we fix both ag and as
to ap and ag, respectively, then the number of singular such matrices depends on solutions (in
a1) of the equation a? = apaz. Over F3, there are 2 singular such matrices for (ag, as) = (1, 1),
but no singular such matrix for (ag, a2) = (1, 2).

Also still not known is an explicit formula for the number of singular block-Hankel matrices,
even for the case when no block-anti-diagonal is fixed (see Table 3). It may be that the Matrix
Berlekamp/Massey algorithm of [Kaltofen and Yuhasz 2013b] could provide some insight for
the count in this case.

For linearly generated sequences with errors, Examples 1 and 2 prove the necessary number
of sequence entries to guarantee a unique set of corrections and intended minimal generator.
These examples do not directly generalize to show a necessary bound for the number of evalua-
tions for sparse interpolation in general. It should be noted that the sequence entries in Prony’s
sparse interpolation algorithm have more structure than our arbitrary linearly generated se-
quences: Prony’s sequence entries are evaluations of a sparse polynomial at consecutive powers
of a field element; one should be able to take advantage of this additional structure in order
to decrease the required number of evaluations. Also, with regard to the numeric algorithm of

Section 2.6, it is not clear how to prevent numeric “deceptive blocks”: a deception (or failed
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majority vote) can occur due to misleading noise as well as an outlier error.

In the numeric versions of shifted-basis sparse interpolation algorithms (see Section 3.2), we
implement outlier detection at a different time than the power basis algorithm: outlier errors are
detected as an immediate pre-conditioning on the evaluations, then the error-free algorithms
are executed on presumably “clean” input. It would be interesting to explore the inner steps of
each algorithm to see if error-correction can be integrated into the existing steps of the error-
free algorithms, as in the power basis case. Before exploring this, however, both algorithms of

Section 3.2 should be analyzed for steps that can be numerically unstable.

5.2 Concluding Remarks

The Majority Rule Berlekamp/Massey algorithm of Section 2.5 addresses error correction for
linearly generated sequences with exact arithmetic. For characteristic not equal to 2, we have
shown optimality in the number of sequence entries required to guarantee a unique minimal
generator and set of corrections; for characteristic 2, the algorithm still computes unique results.
This error-correction algorithm can be integrated into Prony’s sparse interpolation algorithm,
where the only change to the algorithm inputs would be oversampling during the collection of
evaluation points. It does require, of course, that the error model is such that one can place
a bound E on the number of errors obtained from a sufficiently large set of evaluations, as is
described in Remark 1.1 of [Kaltofen and Yang 2013].

The high error rate of the error-correcting algorithm, requiring an additional 4t sequence
entries for each error that may be introduced into the sequence, calls into question the practi-
cality of implementing it as an error-correcting coding scheme: changing only a few entries in
an already-linearly-generated sequence, without supplying additional sequence entries, causes
the recovery of the intended sequence and minimal generator to become much more difficult (if
possible at all, considering that deceptions may now occur). However, from a suggestion of one
of the referees of [Comer, Kaltofen, and Pernet 2012], this high k-error linear complexity may
prove useful in the realm of cryptography, where it is an advantage to have simultaneously an
“easy encoding process” and “difficult decoding process” for private communications across a
public channel.

The results of Section 3.3 show a floating-point-arithmetic implementation of Blahut’s de-
coding algorithm for Reed-Solomon codes, which was originally implemented for finite fields.
Currently, we have the algorithm analyzed for the case of k£ =1 (i.e., one erroneous evaluation)
in an interpolation of a dense polynomial; the bound in (7) shows a sufficient condition to
guarantee proper recovery of the error location. The plotted curves in Figure 1, which show
the trend when the outlier magnitude approaches that of general noise, show what can happen

when no outlier occurred; that is, they show the case k = 0 as well. Thus, before determining
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where an outlier occurred, it is a non-trivial step to determine whether we should search for
an outlier at all. As seen in Figure la, one can obtain a “deception” during outlier detection
if in fact no outlier occurred. While the case of k = 1 is conducive to obtaining conditions for
outlier detection/deception, multiple outliers may interfere with each other to cause deceptions
even when their individual magnitudes are large, so that the case k > 2 provides an interesting

challenge.
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