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Abstract

Given a black box oracle that evaluates a univariate polynomial p(z) of a degree d with
unknown real or complex coefficients, we seek its complex zeros, aka the roots of the equation
p(x) = 0. This model is most appropriate for a large and important class of polynomials
p(z) whose values are much more readily available than the coefficients, e.g., for the Bernstein,
Mandelbrot, and sparse polynomials, which admit numerically stable and/or particularly fast
evaluation. At FOCS 2016, Louis and Vempala have approximated within a fixed error tolerance
e an absolutely largest zero of a black box polynomial p(x) at the cost of its evaluation at
O(blog(d)) points = provided that 2° = R/e and all zeros of p(x) lie in the segment [—R, RJ;
by extending this algorithm they approximated an absolutely largest eigenvalue of a symmetric
matrix at a record Boolean cost.

By applying distinct approach and techniques we obtain much more general results at the
same computational cost.

We present a stream of novel techniques and algorithms, e.g., our use of Cauchy integrals
and randomization is non-trivial and pioneering,

Some of our algorithmic extras are of independent interest. E.g., as by-product we efficiently
approximate the /-th root radius, that is, the ¢-th smallest distance to a zero of a black box
polynomial from any fixed point on the complex plane.

Our black box polynomial root-finders perform efficiently even under the model where a
polynomial p(x) is general and is given with its coefficients. Even under that model and with
incorporation of recent acceleration, they run in nearly optimal Boolean time and compete with
and frequently supersede user’s choice root-finders.
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PART 0: Introduction

1 Introduction

1.1 Root-finding problem: early history

Solution of a univariate polynomial equation, hereafter referred to as polynomial root-finding, has
been the central problem of mathematics and computational mathematics for about 4,000 years,
since Sumerian times and well into the XIX century (see Eric Temple Bell [7], Uta C. Merzbach and
Carl B. Boyer [72], and P. [86] R7]).

In the long way from its rudimentary form, written on clay tablets and in manuscripts on
papyrus, this study has led to modern mathematical notation and concepts of irrational, negative,
complex numbers, meromorphic functions, algebraic groups, rings, fields etc.

Here is a modern version of this venerated problem:

Problem 1: Given a positive € = 1/2b > 0 and d + 1 real or complex numbers pg, p1,- - -, Pd,
pq # 0, approximate within e all d complex rootsﬂ 21, .., 2q of the equation p(x) = 0 for

d d
p=px) =Y pi'=pa ][ —2), pa#0. (1.1)
. i

The existence of d complex roots of the equation p(x) = 0 is called the Fundamental Theorem of
Algebra. A number of leading mathematicians of 18th century attempted to prove it. Johann Carl
Friedrich Gauss alone proposed four proofs during his long career, although the proofs were by far
not complete by modern standards (cf. Smale Smale [119]).

Initially people looked for explicit rational expression for the roots z; of Eqn. (II]) through the
coefficients p;, but it was proved already in Pythagorean school in the 5th century BC (possibly by
Hippasus of Metapontum) that there exists no such expressions even for the equation 22 — 2 = 0,
and this was the first rigorous mathematical proof known to us.

By virtue of Abel’s impossibility theorem, due to Paolo Ruffini 1799 (completed by Augustin-
Louis Cauchy) and Niels Henrik Abel 1824, one cannot express the roots through the coefficients
rationally even with radicals unless the polynomial has degree less than 5, and the Group theory, by
Evariste Galois, implies that this is impossible even for specific polynomials, e.g., p(z) = 2° — 4z — 2.

1.2 Root-finding algorithms and complexity: overview

One can, however, approximate the roots of (L)) closely; this task has begun a new life with
the advent of computers. Algorithms for approximate solution of Problem 1 can be traced back
to Herman Weyl’s constructive proof of Fundamental Theorem of Algebra in [134], which enables
rational approximation to all zeros of any polynomial with any precision. His algorithm has been
strengthened by Peter Henrici, Games Renegar, P., Soo Go, Qi Luan, and Liang Zhao in [46], 114}
88, 99, [101] and now promises to have practical value.

By now, hundreds of efficient techniques and algorithms have been proposed for Problem 1 and
related computational problems (see McNamee [70], McNamee and P. [71]) and new algorithms keep
appearing (see P. and Elias P. Tsigaridas [108], Dario Andrea Bini and Leonardo Robol [21], Toannis
Z. Emiris, P., and Tsigaridas [30], Alexander Kobel, Fabrice Rouillier, and Michael Sagraloff [62],
P. and Liang Zhao [113] [95], Ruben Becker, Sagraloff, Vikram Sharma, Juan Xu, and Chee Yap

Hereafter “roots" stands for “roots of equation p = 0", aka “zeros of a polynomial p"; we count them with their
multiplicity and occasionally call them just roots or zeros.



[22], Becker, Sagraloff, Sharma, and Yap [23], Rémi Imbach, P., and Chee Yap [55], P. [97, 98], Qi
Luan, P., Wongeun Kim, Vitaly Zaderman [67], Imbach and P. [51] 53, 4], P., Soo Go, Qi Luan,
and Liang Zhao [101], and the bibliography therein), and we report new significant progress by
combining some selected known methods with our brains and sweat and hoping to enliven research
activity in the field with our conceptual and technical novelties.

Smale in [119] proposed to study Problem 1 in terms of arithmetic complexity and computational
precision and later (jointly with Lenore Blum, Felipe Cucker, and Michael Shub) (cf. [13] 27]) linked
this study to rounding errors and conditioning of the roots.

Arnold Schonhage in [I120] proposed Boolean time as the complexity measure and devised an
advanced algorithm that solved Problem 1 in Boolean time O(d%b).

Here and hereafter O(w) denotes w up to a poly-logarithmic factor.

Subsequent study in the 1980s and 1990s has culminated at ACM STOC 1995 with a divide-and-
conquer algorithm of [83] [84] 86l 87, 90], which extended the work of Schénhage [120] and Andrew C.
Neff and John H. Reif [75]. It approximates all d zeros of p in arithmetic time O(d?) by computing
with O(b + dlog(d))-bit precision. Hence it runs in nearly optimal Boolean time O((b + d)d?), that
is, approximates all linear factors and complex roots of a polynomial almost as fast as one accesses
the input coeflicients with the precision required for these tasks.

The algorithm, however, is quite involved and has never been implemented

Two other polynomial root-finders known to be nearly optimal have been proposed by Ruben
Becker, Michael Sagraloff, Vikram Sharma, Juan Xu, and Chee Yap and by four of these authors in
2016 in [22] and in 2018 in 23], respectivelyE The authors have revisited and modified the popular
subdivision iterative root-finders, introduced by Herman Weyl in 1924 [134], advanced by Peter
Henrici in [46], by James Renegar in [114], and by P. in [88], and under the name of Quad-tree
Construction extensively used in Computational Geometry.

Becker et al claimed just two algorithmic novelties, that is, an extension of John Abbott’s
combination of Newton’s and secant iterations [2] from the real line to the complex plane and
application of Pellet’s classic theorem to estimating the distances from the origin to the roots.
Extension of Abbot’s iterations is useful although not impressive, while already Pellet’s theorem
itself, a direct consequence of Rouché’s theorem, immediately defines the distances to the roots in
terms of input coefficients, and so the novelty is limited to its proper incorporation.

Otherwise 46 pages of [23] have been devoted to alternative formal support, based on the known
algorithms, for the record low and nearly optimal Boolean complexity of root-finding, achieved
earlier in [83], [84], 86, 87, 90]. In Secs. [[7 and .12l we demonstrate, however, that the proved upper
bound on the complexity of the root-finders of [22] 23] definitely exceeds the proved bound of the
root-finder of [83] [84] [86], 87, [O0] by a factor of d and that this is likely to be the deficiency of the
root-finders of [22] 23] rather than of their analysis. This leaves little hope to salvage the optimality
claim of [22] 23], which, however, prompted us to reexamine our algorithm of [88].

Unlike [22] 23] our current extensive study of subdivision root-finding focuses on introducing a
stream of technical and algorithmic novelties, which enables us to support root-finding in nearly op-
timal time, although unlike [83] [84] 86| 87, 00] we only achieved this under Las Vegas randomization
in the space of zeros of an input polynomial.

For their highly important advantage versus [83, 00, 22] 23] and all previous best root-finders,
our root-finders can be applied to a polynomial represented by an oracle (that is, black box sub-

2Due to extensive progress on implementation of fast polynomial root-finders in the last decades, implementation of
that algorithm seems to be much less formidable now than in 2002. On the other hand, nowadays a faster root-finders
readily lose competition to ones that are slower but better implemented.

3For its full version the proceedings paper [22] refers to pre-print of |23], but the Main theorems of the two papers
are quite different.



routine) for their evaluation rather than by their coefficients. Hence we gain additional acceleration
where that polynomial can be evaluated fast, e.g, is a sum of a small number of shifted monomials
Z?:l a;i(x — ¢;)? for complex constants a; and ¢; and a reasonably small positive integer h.

1.3 Applications and implementation of root-finders: brief overview

Numerous areas of mathematics and computational mathematics arisen and developed in the last
100 years had no direct link to Problem 1. Furthermore, many computational problems arising
in the sciences, engineering, business management, and statistics have been linearized and then
solved by using tools from linear algebra, linear programming, fast Fourier transform (FFT), and
Fast Multipole Method (FMM)H Such tools may involve the solution of Problem 1 but usually for
smaller degree d, where the available subroutines are sufficiently effective in most cases.

Solution of Problem 1 of large degree, however, still has important applications to various areas
of Scientific Computing, in particular to Computer Algebra, signal processing, geometric modeling,
control, financial mathematics, and complex dynamics (see John Michael McNamee and P. |71}
Introduction]).

Unlike the nearly optimal root-finder of [83] 84 [86] 87, [90], various non-optimal complex poly-
nomial root-finders have been implemented (see e.g, MATLAB “roots”, Maple “solve”, MPSolve,
and CCluster).

In particular, the complex polynomial root-finder of [22] has been implemented in [55] and then
greatly strengthened in [51} [54] based on combining root-finder of [22] with out recent algorithms.

Since its creation in 2000 the package MPSolve by Bini and Guiseppe Fiorentino [I4], revised
in 2014 by Bini and Leonardo Robol [21], has been remaining user’s choice for approximation of all
d complex roots of a polynomial p. It implements Ehrlich’s iterations of 1967 by Louis W. Ehrlich
[34], aka by Oliver Aberth of 1973 [3].

Empirically, MPSolve is the fastest known root-finder where one seeks all complex roots of a
polynomial. This is because every Ehrlich’s iteration is performed fast and because empirically the
iterations converge very fast globally — right from the start, under proper initialization, involving
the coefficients of p. Such convergence has been consistently observed in decades-long worldwide
applications of these iterations as well as in the case of some other root-finders by means of functional
iterations, notably Weierstrass’s iterations, due to Karl Theodor Wilhelm Weierstrass [133], aka
Emile Durand and Immo O. Kerner’s 28] [59]).

Persistent attempts of supporting this empirical behavior formally, e.g., [4, [47], however, have
recently ended with surprising proofs that Weierstrass’s and Ehrlich’s iterations diverge in the case
of inputs that lie on some complex manifolds, being an open domain in the case of Weierstrass’s
iterations (see Bernhard Reinke, Dierk Schleicher, and Michael Stoll [117) 115]).

Serious competition to MPSolve came in 2001 from the package EigenSolve by Steven J. Fortune
[38], but the later version of MPSolve [21I] combines the benefits of both packages. An implementa-
tions of Newton’s iterations for approximation of all roots by Marvin Randig, Schleicher, and Robin
Stoll in [I16] and by Schleicher and Robin Stoll in [128] competed with MPSolve in 2017, but then
MPSolve has regained upper hand by means of incorporation of Fast Multipole Method (FMM) .

The root-finder of [22], efficiently implemented in [55], slightly outperforms MPSolve for root-
finding in a region of the complex plane containing a small number of roots, although it is by far
inferior for the approximation of all d roots of a polynomial p(az)ﬁ

“Both FFT and FMM are among the Top Ten Algorithms of 20-th century (cf. Barry Cipra [25]). For the history
of FFT see Donald Ervin Knuth [61]; on FMM see Leslie F. Greengard and Vladimir Rokhlin Jr. [44] and Rio Yokota
and Lorena A. Barba [137].

5The computational cost of root-finders of [83] 190}, 22 23] decreases at least proportionally to the number of roots



The implementation of real subdivision root-finding in [62] is user’s current choice, and this is a
highly important problem because in many applications, e.g., to optimization in algebraic geometry
and geometric modeling, only real roots of a polynomial are of interest and typically are much less
numerous than all d complex roots (cf. Marc Kac [58], Alan Edelman and Eric Kostlan [35]).

It is intriguing to witness the competition for the user between functional and subdivision
iterations. Currently only a part of our progress has been implemented (see [51], 53] 54]), but [53]
has already noticeably accelerated the real root-finder of [62], and [54] has dramatically accelerated
[55]. Moreover, according to tests with standard test polynomials [54] has competed with MPSolve
even for approximation of all zeros of p(x), and for a large class of inputs accelerated it significantly.

1.4 Two variations of Problem 1 and their complexity

Problem 1 is a special case for m = d of the following important

Problem 1,,: Polynomial Root-finding in a Discﬁ Restrict Problem 1 of root-finding within
e to a fixed disc D = D(c, p) having center ¢ and radius p and containing m < d zeros of p such that
the d — m external zeros lie at the distance at least (§ — 1)p from the disc D for § — 1 exceeding a
fixed positive constant.

Now write |u| = Z?:o |u;| for a polynomial u(z) = Z?:o u;x' and recall that the root-finders
of [120], 83 84l [86l, 87, O0] first solve the following problem of independent importance and then
extends its solution to the solution of Problem 1:

Problem 2. Approximate Polynomial Factorization:EI Given a real b and d+ 1 coefficients
P0, D1, - - -, pq of (LI)), compute 2d complex numbers u;,v; for j =1,...,d such that

d

lp = [T Cujz —v)l < 27%Ipl. (1.2)
j=1

Hereafter By (b, d), By (b,d, m), and Bg(b, d) denote Boolean time for the solution of Problems 1,
L, and 2, respectively, for an error bound € = 1/2°, and next we specify a class of polynomials
whose zeros make no large clusters (cf. [13] 27]).

Definition 1.1. Polynomials with bounded cluster sizes. The zero set of p consists of clusters,
each made up of at most m = O(1) zeros and each having a diameter at most 1/237%2; furthermore,

these clusters are pairwise separated by the distances at least 1/ 400,
Theorem 1.1. The algorithm of [83, [84, 186, 87, [90] solves Problem 2 in Boolean time O((b+ d)d).

In Sec. [A.4] we reduce Problem 1 to Problem 2 and vice versa by applying Schénhage’s results
of [120, Cor. 4.3 and Sec. 19]:

in a region of interest such as a disc or a rectangle, while Ehrlich’s, Weierstrass’s, and a number of other functional
iterations approximate the roots in such a region almost as slow as all complex roots.

5The problem and many of its solution algorithms are naturally extended to root-finding in other regions of
interest, such as square or convex polygons. Problem 1 is Problem 1,4 for a large disc covering all d roots.

"The solution of Problem 2 can be also extended to isolation of the zeros of a polynomial with integer coefficients
and approximation of matrix eigenvalues (cf. [120] Secs. 20 and 21] and our Sec. B) and has various other applications
to modern computations, e.g., to time series analysis, Wiener filtering, noise variance estimation, co-variance matrix
computation, and the study of multichannel systems (see Granville Tunnicliffe Wilson [I35], George Edward Pelham
Box and Gwilym Meirion Jenkins [I7], Stephen M. Barnett [8], Cédric J. Demeure and Clifford T. Mullis [3T] [32],
and Paul M. Van Dooren [132]). For a polynomial of degree d the known sharp upper and lower bounds on the input
precision and Boolean time for root-finding exceed those for numerical factorization by a factor of d.



Theorem 1.2. (i) By(b,d) = O(By(bd, d)) for any polynomial p(x) of degree d, (ii) Ba1(b,d) =

OB (b + d+log(d),d)) for any polynomial p(z) of degree d, and (iii) Bi(b,d) = O(Ba(b,d)) for
polynomials of Def. [I1, with bounded cluster sizes.

By combining Thms. [[.1] and obtain the following estimates.

Theorem 1.3. One can solve Problem 1 in Boolean time (i) O((b + d)d?), which decreases to
(11) O((b+ d)d) in the the case of polynomials p with bounded cluster sizes.

Theorem 1.4. One can solve Problem 1y, in Boolean time O((b + d)d + (b + m)m?), which is

O((b+ d)d where m? = O(d).

Proof. Proceed in two steps:

(i) in Boolean time O((b 4 d)d) solve Problem 2 and then

(ii) apply the algorithm that supports Thm. [[3] to the mth degree factor of the polynomial
H;lzl(uja: —v;) of (IL.2)) that shares with this polynomial all its zeros lying in the input disc pH O

1.5 Lower bounds on the Boolean complexity
Readily verify the following information lower bounds.

Observation 1.1. To solve Problems 1 or 2 one must access (d+ 1)b bits of input coefficients and
perform at least 0.5(d + 1)b Boolean operations — at most one operation for two input bits.

Next we strengthen the lower bound for Problem 1.
Hereafter ¢ := (, denotes a primitive g-th root of unity:

¢ :=exp (%), i=+—-1 (1.3)

Observation 1.2. Let p(z) = (v — 21) f(x) for an integer j > 0 and a monic polynomial f(z) of
degree d — j. Fiz a real b. Then the polynomial p;(x) = p(z) — 2790 f(x) has the j zeros z + (9270
forg=0,1,...,5 — 1.

Observation implies that one must access the coefficient py_; within 277 to approximate
within 27 a j-multiple zero of p or its zero in a cluster of j zeros, and so a root-finder must process
at least jb bits of the coefficient ps_;. Sum these bounds for j =1,...,d and obtain

Corollary 1.1. One must access at least 0.5(d — 1)db bits of the coefficients of p and perform at
least 0.25(d — 1)db Boolean operations to approximate even a single zero of p within 2-b,

Likewise, we deduce lower bounds on the Boolean time for Problem 1,,.

Corollary 1.2. To solve Problem 1,, and even to approximate within € a single zero of p in the
disc D, one must access at least 0.5b max{d+ 1, (m — 1)m} bits of input coefficients and perform at
least 0.25b max{d + 1, (m — 1)m} Boolean operations for b =logy(R/€) and R = |c| + p.

In view of the lower bounds of this subsection, the algorithm of [83] 84 [86, [87, [00] and its
extension supporting Thm. [[.4] solve Problems 1, 1,,, and 2 of large size in optimal Boolean time
up to poly-logarithmic factors or, in simple terms, almost as fast as one reads all bits of input
coefficients required to support computing the output with prescribed accuracy.

8We can slightly speed up stage (i) because at that stage we actually only need to approximate factorization of
the factor f of degree m of p that shares with p its zeros in D.



1.6 Linking Factorization and Root-finding

Next we prove Thm. [[.2] by applying the results of [120, Cor, 4.3 and Sec. 19].
Recall that By (b, d) and By (b, d) denote the optimal Boolean time for the solution of Problems
1 and 2, respectively, for an error bound € = 1/2%, and furthermore recall the lower bounds

Bi(b,d) > 0.5(d + 1)b and By(b,d) > 0.25(d — 1)db (1.4)
of [83, 0] and the following result (cf. [120, Thm. 19.1]).

Theorem 1.5. Let r = maxgl:l |zj| < 1. Then a solution of Problem 1 within an error bound 1/2°
can be recovered at a dominated Boolean cost from the solution of Problem 2 within an error bound
1/204%2  and so By (b, d) < Ba(bd + 2,d).

In view of (IL4)), relaxing the bound r; < 1 would little affect the latter estimate because map
22), of a disc D(c,p) into the unit disc D(0,1), can change the error bound of Problem 1 by
at most logy(max{p,1/p}), which we assumed to be at most b. Based on [120, Cor. 4.3] we can
also readily relax the assumption that p(x) is monic. [I122] Thm. 2.7| shows an alternative way to
relaxing both assumptions — that r; <1 and p(z) is monic.

Schonhage in [120, Sec. 19| has greatly strengthened the estimate of Thm. unless “the zeros
of p are clustered too much". Namely, he proved (see [120, Eqn. (19.8)]) the following result.

Lemma 1.1. Assume that the polynomial p(x) is monic, the values u; = 1 for all j and complex
v1, ..., vq satisfy bound (LB), and |z; — v;| < r = 2279 for all j. Purthermore, write A;; =
|vj—v1| forj =2,3,...,d and suppose that 1.25A; 1 <r forj =2,3,...,d and Ay :=min; Aj; > r.
Then |21 — vy| < 227%™ /| A — r|diTm.

If 1/]A — 7‘|d77m = 20 then Lemma [ implies that |21 — v1] < 1/2b/m_é(d), and we can
similarly estimate |v; — z;| for all j =1,2,...,d.
By extending the above estimate, we strengthen Thm. as follows.

Corollary 1.3. Under Cluster Restriction of Sec. 1.1 it holds that |z; — vj| < 1/2b/m_é(d), Jj=
1,2,...,d. Hence if m = O(1) is a constant, then a solution of Problem 1 within an error bound

1/2l_’ can be recovered at a dominated Boolean cost from the solution of Problem 2 with a precision
1/2% for a sufficiently large b= O(b + d), and so By(b,d) < Bo(O(b + d), d).

For converse reduction of Problem 2 to Problem 1 recall [120, Cor. 4.3| in the case of k = 2,
covering the product of two polynomials:

Theorem 1.6. Let p = gh for three polynomials p of (I1), g, and h. Then ||g|[1||h]]x < 2% ||p|l:-

Now consider the products p = gh for g = x — z;, for j = 1,...,d. For a fixed j, an error of
at most €/2% for the zero z; contributes at most €||h||; to overall factorization error of Problem 2.
Therefore, ||h||1 < 2% Y|p||1/|lz— 2] < 2971||p||1 by virtue of Thm. Hence the approximation
errors of all the d zeros of p together contribute at most 2%~ !de to the relative error of the solution
of Problem 2 (ignoring dominated impact of higher order terms), and we arrive at

Corollary 1.4. If b= O(b—d —log(d)). Then Problem 2 for an error bound 1/2° can be reduced

at a dominated Boolean cost to Problem 1 for an error bound 1/2° for a sufficiently large b =
O(b+d+1log(d)), and so By(b,d) = O(B1(b,d)).



1.7  Are there any research challenges still left?

The algorithm of [120] was implemented by Xavier Gourdon in 1996 for the Magma and PARI/GP
computer algebra systems, while the nearly optimal but more involved algorithm of [83 ©0] has
never been implemented.

Next recall that Becker et al in [22] 23] claimed that their extension of subdivision root-finders
of [114} B8] runs within the same nearly optimal Boolean time bounds of [83, 84, [86], 87, Q0] but
unlike [83] [84], 86, 87, 90] is easy to implement. This claim has been firmly accepted by the research
community of Computer Algebra and has established the State of the Art in polynomial root-finding
and a high bar for competing works, but the acceptance was a little premature.

Indeed, careful implementation of the root-finder of [22] by Imbach et al in [55] provided no
empirical support to optimality claimed by Becker et al because the root-finder of [54], using some
novel techniques from [99] (see [54], Sec. 1.2]), runs much faster.

Unfortunately, formal support for optimality claimed by Becker et al has been missing as well.

Indeed, for all proofs the paper [22] refers to a preprint of [23], but the lists of the authors of
[22] 23] are distinct, and their main algorithms and Main Theorems differ significantly.
Furthermore, the Boolean time estimates of the Main Theorem of [23] contain the term

log(1/Discr(p(z))),

with “Discr" standing for “Discriminant”, such that
log(1/Discr(p(z/2°))) = (d — 1)dblog(1/Discr(p(x))).

Subdivision iterations of the known root-finders for Problem 1,,, in particular, of those of [22, 23],
scale the variable z up to 4m times by factors of up to 2°. Hence the bit-complexity specified in the
Main Theorem [23] has order of mbd? (see our further comments in Sec. 1.10).

Can one salvage the claim by Becker et al in another way?

This seems to be problematic: the algorithms of [22 23] apply Pellet’s celebrated theorem to
more than 4m polynomials obtained from polynomial p by means of shifting the variable z, its
scaling by up to 2°, and root-squaring (see our Sec. 1.10).

Incorporation of Pellet’s theorem into the subdivision root-finding process was the only major

algorithmic novelty of [22 23], but application of this theorem to a polynomial ¢(z) = Z?:O txt
relies on computing the values |§—;| fori =0,1,...,d — 1. Hence by virtue of Observation [[LT] the

algorithms of [22, 23] involve Boolean time at least of order bd?>m for Problem 1,,. This exceeds the
nearly optimal Boolean time bound of [83] 90| by a factor of m, that is, by a factor of d for Problem
1 where m = d.

In any case, devising polynomial root-finders that are both nearly optimal and practically promis-
ing had remained a challenging open problem in spite of the claim to the contrary by Becker et al.
Furthermore, next we study a highly important root-finding problem not addressed by Becker et al.

1.8 Black Box Polynomial Root-finding and Factorization: motivation and com-
putational problems

The known record fast algorithms for Problems 1, 1,,, and 2 as well as those of [114] 88 22| 23]
operate with the coefficients of p and cannot handle black box polynomials — given with an oracle
(black box) for their evaluation.



Louis and Vempala studied this class in [68] motivated by the extension to approzimation of the
eigenvalues of a matriz M as the zeros of its characteristic polynomial p(x) = det I — M this can
be further reduced to matrix inversion via Jacobi formula for matrix derivative (see Remark B.T]).

For another motivation, one must use at least 2d arithmetic operations (ops) to evaluate a
general polynomial p of (II]) given with its d 4+ 1 coefficients (see [76] and the accounts of Strassen
in [I125] Section “Pan’s method"| and Knuth in [61]), whereas O(log(d)) ops are sufficient to evaluate
it for a large and important class of dth degree polynomials, such as the Mandelbrot polynomials
p = pi(z), where pg := 1, p1(7) := 2, piy1(z) := xp?(x) + 1,7 =0,1,...,k, d =2 — 1, and the
sums of a small number of shifted monomials, e.g., p := a(z — a)? + B(xz — b)? + y(z — ¢)¢ for six
constants a, b, ¢, a, 8, and ~. Interpolation to such polynomials can dramatically slow down fast
polynomial root-finders in a region containing a small number of zeros of p.

Even for a polynomial given with its coefficients the algorithms, black box computations avoid
numerical problems and the growth of computational precision and Boolean complexity caused by
shift and scaling of the variable (see Appendix B).

Such observations motivate the following modification of Problems 1, 1,,, and 2.

Problems 1bb, 1bb,,, and 2bb. Black Box Polynomial Root-finding and Factorization:
Solve Problems 1, 1,,, and 2 in case where a polynomial p is given by a black box oracle (subroutine)
for its evaluation rather than by its coefficients

1.9 Black Box Polynomial Root-finding: State of the Art

Motivated by the extension to approximation of an eigenvalue of an absolutely largest symmetric
matrix, Louis and Vempala in [68] approximated within ¢ > 0 an absolutely largest zero of a
real-rooted black box polynomial p based on their novel variant of Newton’s iterations.

The algorithm reduces this task to the evaluation of Newton’s ratio NR(z) := 5,((9;)) at O(blog(d))
points, for b = log(R/e) and R = max; |z;|, and thus is said to perform at a High Level Arithmetic
cost (hereafter HLA cost) O(blog(d)).

Louis and Vempala also proved that their algorithm only requires computations with the preci-
sion of O(log(d)) bits provided that one can access with infinite precision the values of p(x) computed
by the black box oracle. By combining their root-finder with Storjohan’s Las Vegas randomized
algorithm of [123]| for computing the determinant of an integer matrix/" they approximated an
absolutely largest eigenvalue of a symmetric matrix in a record expected Boolean time.

This admirable pioneering work, however, has made only a rudimentary step towards the solution
of Problems 1bb and 1bb,,, leaving this as a research challenge with no progress since 2016 until
preprint [99] appeared in 2018 (it was expanded to 139 pages by August 2022).

1.10 Our complexity estimates

Our novel algorithms solve Problem 1bb,, for all m from 1 to d; they match HLA cost bound of
[68] where m is a constant and remove restrictions of [68] on the input and the output.

Instead of Newton’s ratio NR(z) we evaluate Newton’s inverse ratio NIR(x) := I;L;)).

The overall number of evaluation points = involved in our root-finders is said to %e their HLA
cost. Besides ops involved in the evaluation of NIR our root-finders perform some additional ops

but less numerous than the former ops, even in the case where p(x) = z¢.

90One can evaluate p at dy > d points and then interpolate to it, but this would destroy sparsity and would blow
up the precision and the Boolean cost of the computations.
0Here it is also relevant to recall Gershgorin’s bound for any eigenvalue A of a matrix M = (ai’j)i‘l’jzl [124], Thm.

1.3.2]: [A—aiil <37, lai;| for some i, 1 <4 < d. Clearly, this implies that [A| < [|M]|r.



Theorem 1.7. Given a black box polynomial p = p(z) of a degree d, a complex ¢, a triple of positive
b, p, and 0 such that @ — 1 exceeds a positive constant, let each of the two discs D(c, p) and D(c,8p),
both centered at ¢ and having radii p and 0p, respectively, contain precisely m zeros of p. Under these
assumptions our root-finders, performing at HLA cost in O((q(m)m) approzimate within R/2°, for
R :=p—+|c|, all m zeros of p lying in these discs. Here q(m) < m+ 1 for any polynomial p(x) and
g(m) = 1 under Las Vegas randomization (under which output error can be detected at a dominated
computational cost) where the zeros of p(x) are independent identically distributed (iid) random
variables sampled from a fixed disc on the complex plane under the uniform probability distribution
on that dz’sc

Louis and Vempala use precision of O(log(d)) bits in their root-finder assuming infinite precision
for both computations and cost-free access to the output of a black box oracle. By allowing Las
Vegas randomized linear map of & we prove that precision bound even where we only access the
output of the oracle with a relative error in 1/d” for a constant v of our choice and where we
compute with rounding errors.

Namely, let B; denotes the optimal Boolean cost of such evaluation of a polynomial p, which
decreases by a factor of d/log(d) in transition from a general polynomial p to the Mandelbrot
polynomial and a sum of O(log(d)) shifted monomials. Then our analysis in Sec. [7l combined with
Thm. [[.7 implies the solution of Problem 1bb,, in Boolean time

Broots = O(Bde(m)) (15)

for ¢(m) of Thm. [

In Sec. [@ we combine our algorithms supporting the above estimates with Kirrinnis’s [60, Thm.
3.9], which bounds the Boolean complexity of Fiduccia-Moenck-Borodin’s algorithm of [37, [73] for
multipoint polynomial evaluation (see [I8, Sec. 4.5] for the history of that study).

This leads us to the following result.

Theorem 1.8. Under the assumptions of Thm. [L74 about a polynomial p(z), discs D(c,p) and
D(c,0p), integers m and q(m), positive R, and real b, one can approzimate within R/2b, all m zeros
of p lying in these discs in Boolean time O((q(m)m + d)(q¢(m)m + d + b)) for q(m) of Thm. [L74

Remark 1.1. Optimality of our root-finding and factorization. If m? = O(d) or if m s
unrestricted but if g(m) = O(1), then g(m)m = O(d). If in addition d = O(b), then the bound of
Thm. turns into O(bd). This is below the lower bound 0.25(d — 1)db of Cor. [I1, whcih can be
applied to the Boolean cost of approxzimation of even a single zero of a general polynomial p of degree
d, but that lower bound does not apply to our study where the polynomial p(x) is not general: its m
zeros lie in a disc well isolated from its external zeros; in this case we only have the lower bound
0.25bmax{d + 1, (m — 1)m} of Cor. [L3, and our upper bound reaches it, up to poly-logarithmic
factor, provided that q(m)m = O(d) and d = O(b). The same comments apply to our next estimates
for factorization Problem 2.

By combining the estimate of Thm. [[.8 for m = d with Cor. [[4] for d = O(b) we obtain the
following Boolean time estimate for solving Problem 2 of factorization:

Bfactors = O((q(d)d + b)dq(d)) if d= O(b) (16)

By following [68] we extend our root-finder to approzimation of the eigenvalues of a matriz M.
Namely, combine Gershgorin’s bound on matrix eigenvalues, our root-finders for p(x) = det(zI—M),

1A variant of our root-finders performing within the above cost bound for g(m) of order log?(d) has consistently
output approximations to all d zeros of p(x) within 1/2b in extensive tests in [98] [99].

10



*
*

(a) Four roots marked by asterisks lie in (b) Both exclusion and v/2-soft inclusion

suspect sub-squares; the other (empty) sub- criteria hold for e/i test applied to the disc

squares are discarded. bounded by internal circle.

Figure 1

and Storjohann’s algorithm of [123] for computing determinant to approximate all m eigenvalues of
a d x d matrix, for 1 < m < d, that lie in a fixed disc on the complex plane isolated from external
eigenvalues (like zeros in Thm. [[7)). Deduce the following record bound on Las Vegas expected
Boolean time for this problem,

Beigen = O(mq(m)bd®) (1.7)

where w denotes an exponent of feasible or unfeasible matrix multiplication (MM) M]||F denotes
the Frobenius norm of a matrix M, and b := log(||M||r/¢€). Then again, for a constant m we match
the Boolean time bound of [68] under no restrictions of [68] on the input and the output.

1.11 Background and our technical novelties (very briefly)

To solve Problem 1bb,, we forget about the algorithms of [68] and rely distinct approach and
completely distinct techniques.

We depart from the classical subdivision root-finders, traced back to [134], 46] 114, 88], which
divide every suspect square into four congruent sub-squares and to each apply ezclusion/inclusion
(e/i) test: a square is discarded if it definitely contains no roots and is called suspect and processed
in the next iteration otherwise (see Fig. 1a).

Observation 1.3. Let subdivision iterations be applied to a square with m zeros of p. Then every
iteration (i) decreases by twice the diameter of a suspect square and (ii) processes at most 4m suspect
squares, (i1i) whose centers approximate all m zeros of p within the half-diameter of the squares.

Corollary 1.5. Subdivision iterations applied to a square with m roots and side length A approx-
imate them within ¢ = A/2" after testing at most 4mk suspect squares for k < [logy(2+/2)] =
[b+0.5].

We follow [46] and instead of testing whether a suspect square contains zeros of p we test
whether its covering disc does this. In Secs. 3 and 4 we complete classical subdivision root-finding
by devising o-soft e/i tests for a black box polynomial and o > 1.

2The current records are about 2.7734 for exponents of feasible MM [77} [64], unbeaten since 1982, and about 2.372
for exponents of unfeasible MM [6], [33]. The exponents below 3.74 are only for unfeasible MM — all known algorithms
that support them are slower than the classical d x d MM unless log,(log,(log,(d)))) > 100, say.
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Figure 2: Two discs superscribing two non-adjacent suspect squares are not minimal but do not lie
close to one another.

Such tests report ezclusion and discard an input square S if they certify that its minimal covering
disc D(c,p) :={z: |z — ¢| < p} contains no roots. The tests report o-soft inclusion, and then we
call the square S suspect and subdivide it, if for a fixed ¢ > 1 these tests certify that a little larger
concentric disc D(c,0p), said to be the o-cover of the square S, contains a root or roots.

Criteria for both exclusion and soft inclusion can hold simultaneously (see Fig. 1b), but we stop
as soon as we verify any of them.

The estimate 4mk of Cor. increases to a(o)mk for a(o) > 4 bounded by a constant for a
constant o.

For o < /2 the o-covers of two non-adjacent suspect squares are separated by the fraction
a =2 — o /2 of the side length (see Fig. 2).

Our techniques, in particular our use of randomization for root-finding, can be of independent
interest.

As by-product we efficiently approximate the ¢-th root radius, that is, the ¢-th smallest distance
to a zero of a black box polynomial from any fixed point on the complex plane.

1.12 Costly scaling for Pellet-based e/i tests

An e/i test based on Pellet’s theorem for a polynomial ¢(z) = Z?:O t;x* involves the values \f—;] for
i =1,...,d, and hence, by virtue of Observation [[.2] must process at least 0.5(d — 1)db bits of the
coefficients of ¢(z) to support approximation of its zeros within 1/2°.

The algorithms of [23] cannot avoid this because they apply e/i tests to the polynomials obtained
in log(log(d)) steps of root-squaring of Sec. 2.2 from polynomials t. ,(z) = p(%) where p > 0 can
be as small as 1/2°.

One may need more than 4m e/i tests even in a single subdivision iteration; this means that
one must involve more than 2(d — 1)dmb bits and (d — 1)dmb bit-operations to solve Problem 1,,
by applying such a Pellet-based root-finder.

12



1.13 Related works

The pioneering paper [68] proposed a novel algorithm for approximation of an absolutely largest
zero of a real-rooted black box polynomial, estimated the computational precision and Boolean
complexity of that algorithm, and extended it to approximation of an absolutely largest eigenvalue
of a symmetric matrix. We adopt their model of computation and incorporate the five first lines
of the proof of [68, Lemma 3.5] into our proof of the bound on the computational precision of our
root-finders, but otherwise use completely distinct approach and techniques.

Further progress in that area is due to arXiv preprint [99] of 2018, expanded to 139 pages in
August 2022, partly covered in [97) 51, 08| 67], and further advanced here, in its revision.

By following [99] we rely on classical subdivision root-finders, based on e/i tests and traced back
to [134] [46], [114] [88]. All known e/i tests, however, operate with the coefficients of p: they involve
higher order derivatives p@ (x),1=1,2,...,d [46], 114], Newton’s identities and fast root-squaring
algorithms based on convolution [88], or Pellet’s theorem [23].

Neither of these approaches can work for black box polynomials. We overcome the problem
by means of approximation of a Cauchy integral by finite sums. Such approximation was used by
Schonhage in [120] for the distinct goal of deflation of a polynomial.

Estimating Boolean complexity of our root-finders we use [60, Thm. 3.9].

Our randomization techniques for black box polynomial root-finding and our acceleration of black
box subdivision root-finding by means of nearly maximal compression of a disc on the complex
plane without losing any zero p(x) are novel, to the best of our knowledge. As by-product we
efficiently approximate the ¢-th root radius, that is, the -th smallest distance to a zero of a black
box polynomial, from any fixed point on the complex plane. Then again, we are not aware of any
previous algorithms for this well-known basic task of polynomial root-finding.

1.14 Implementation and testing

Our current algorithms are less involved than those of [83] [90], have good chances to become
user’s choice root—ﬁnders Preliminary versions of our entire subdivision root-finders have been
implemented and tested in [51,[54]. Already incorporation in 2020 of some of our techniques into the
previous best implementation of subdivision root-finder of [55] has enabled its noticeable acceleration
(see [51]). The more advanced publicly available implementation in [54] “relies on novel ideas and
techniques" from [99] (see [54] Sec. 1.2]) and also uses some earlier algorithms, which are slower by
order of magnitude than our current ones but still performs dramatically faster than [55] or any other
known variant of subdivision complex root-finder and, according to extensive tests with standard
test polynomials, at least competes with user’s choice package MPSolve even for approximation of
all d zeros of a polynomial p given with its coefﬁcients This was only a dream for subdivision
root-finders before 2022.

Organization of the rest of the paper.

In Parts I — III we support the upper bound on the complexity of Problem 1,,, exceeding that
of Thm. [LY by a factor of b. In Part I we do this only under the bound ¢(m) < m + 1 based on
approximation of a Cauchy integral associated with root-counting in a disc on the complex plane.

13[90] was very cautious about practical prospect of its algorithms, but since 2002 there was dramatic progress in
devising subroutines for polynomial computations.

14The complexity of a subdivision root-finder is proportional to the number of roots in a region, while MPSolve
is about as fast and slow for all roots as for their fixed subset. MPSolve implements Ehrlich-Aberth’s root-finding
iterations, which empirically converge to all d roots very fast right from the start but only under empirical support
and only under initialization that operates with the coefficients of p [115].
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In Part II we cover alternative derivation of the same complexity estimates based on lifting
the zeros of p to a fixed power h = O(log(d)). We also deduce the estimates for g(m) = 1 under
random root model. We make presentation in Parts II independent of Part I by including again
some definitions, figures, and theorems.

We devote Part III to Compression of a Disc and Acceleration of Subdivision Iterations

We cover Deflation in Part IV.

In Part V we study Polynomal Root-finding by means of Functional Iterations as well as Poly-
nomial Factorization.

We devote Part VI to brief Conclusions.

In Appendices A and B we recall some Algorithms and Complexity Estimates from [120, 122]
on Recursive Factorization of a polynomial with extensions to Root-finding and Root Isolation and
on Newton’s refinement of Splitting a Polynomial into the product of two factors, respectively.

We dramatically revised Parts 0, I, II, and III, deleted tghe former Appendix C and some
sections from Parts IV and V, but have not touched Parts IV — VI and the Appendix otherwise. In
particular, we keep denoting the zeros of p(x) by x; unlike Parts 0 ~III, where we write z;.

PART I: Subdivision with exclusion/inclusion tests based on ap-
proximation of Cauchy integrals

Organization of the presentation in Part I

We devote the next section to some basic definitions. In Sec. Blwe study root-counting in a disc
on the complex plane by means of approximation of a Cauchy integral over its boundary circle by
finite sums>? In Sec. M we apply this study to devise and analyze root-counters and e/i tests in a
disc on the complex plane. In short Sec. Bl we discuss error detection and correction for polynomial
root-finders. In Sec. [6] we extend our e/i tests to estimating root radii, that is, the distances from
a fixed complex point to the roots. In Secs. [[ and [ we estimate precision of computing of our
root-finders and their Boolean complexity, respectively, in both cases assuming that p(z) is general
polynomial of (L)) represented with its coefficients. We devote short Sec. [ to extension of our
root-finders to approximation of the eigenvalues of a matrix or a matrix polynomial.

2 Background: basic definitions

o S(e,p)i={x: [Rle—=) <p,
S(c—2)[ < p}t, Dle,p):={z: [z—c| <p},
Cle,p):==A{z: |z —c|=p}, and
Ale,p,p) i={z: p<l|oz—c <y}
denote a square, a disc, a circle (circumference), and an annulus on the complex plane, re-

spectively.

e A(R), X(R), CH(R), and #(R) denote the diameter, the root set, the convex hull, and the

index (root set’s cardinality) of a region R on the complex plane, respectively.

e A disc D(c,p), a circle C(c,p), or a square S(c,p) is said to be 0-isolated for 6 > 1 if
X(D(e,p)) = X(D(c,bp)), X(C(e,p)) = X(Ale,p/0,p/0)), or X(S(c,p)) = X(5(c,0p)),
respectively.

5We do not use the material of Sec. BB, but it should be of independent interest.
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Figure 3: The roots are marked by asterisks. The red circle C(c, pf) and the disc D(c, pf) have
isolation 6. The disc D(c, p) has isolation 6.

e The largest upper bound on such a value 6 is said to be the isolation of the disc D(c, p),
the circle C(c, p), or the square S(c, p), respectively (see Fig. 3), and is denoted i(D(c, p)),
i(C(c, p)), and i(S(c, p)), respectively.

e ri(c,t) = |y1 —¢l,...,rq(c,t) = |lyqg — ¢| in non-increasing order are the d root radii, that is,
the distances from a complex center ¢ to the zeros yj .. .,yq of a dth degree polynomial ().
ri(c) ==r;(e,p), rj :==1;(0) for j =1,...,d.

e Define Newton’s inverse ratio NIR(x) := Y@ - Differentiate factorization (@I of p(x) to
express NIR(z) as follows:

, d
NIR(z) = 2@ _ (2.1)

p(z) 4

1
T — 2
; j

1

e Generalize e/i tests as follows: For p(z) of (L), o > 1, and integers ¢ and m such that
1 <¢<m<dand #(D(0,1)) < m, a o-soft (-test, or just (-test for short (1-test being
e/i test), either outputs 1 and stops if it detects that r4_sy; < o, that is, #(D(0,0)) > ¢,
or outputs 0 and stops if it detects that rg_g1 > 1, that is[A #(D(0,1)) < £. (-test. ,, aka
(-test for the disc D(c,p), is an (-test applied to the polynomial #(y) of (2.2).

e By properly shifting and scaling the variable = define the linear map of the disc D(c, p) into
the unit disc D(0,1):

Tr —cC

T , D(c,p) — D(0,1), and p(z) — t(x) = p(x — C). (2.2)

p

Observation 2.1. (Z2) maps the zeros z; of p(x) into the zeros y; = ij_c of t(y), forj=1,...,d,
and preserves the index #(D(c, p)) and the isolation i(D(c, p)).

16Bounds rd—e+1 < o and rq_¢+1 > 1 can hold simultaneously (cf. Fig. 1a), but as soon as an ¢-test verifies any
of them, it stops without checking if the other bound also holds.
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3 Cauchy root-counting in a disc

3.1 Root-counting in the unit disc

Recall that the power sums of the zeros of p(x) in a complex domain D is given by a Cauchy integral
over its boundary contour C (cf. [I]):

d
_ ._ _ ! p'(z) _
sh—sh(D).—sz}-l—%T\/__l/cp(x) de, h=0,,.... (3.1)

J=1

We are particularly interested in computing the 0-th power sum sy = #(D); We can just
approximate it within less than 1/2 and then obtain it by means of rounding,.
For D = D(0,1) we fix a positive integer ¢ and approximate s, with Cauchy sum

ZC(hH ) for ¢ of ([I3). (3.2)

Alternatively, one can apply Exponentially Convergent Adaptive Trapezoidal Quadrature [I3T]
efficiently implemented in Boost C++ libraries.

3.2 Cauchy sums as weighted power sums of the roots

Cor. 3.l from the following lemma expresses the hth Cauchy sum sy, , as the sum of the hth powers
of the roots z; with the weights

_1
1—29"

Lemma 3.1. For a complex z, two integers h > 0 and q > 1, and ¢ of (1.3), it holds that

1t ¢(h+1)g Sh

- = . 3.3
qZOCQ—z 1— 24 (3:3)

Proof. First let |z| < 1 and obtain
C(h‘f‘l)g hg u

¢ >N [ 2\ = Z
Cg—z:1_<igzchgu§<@) :Zm'

The equation in the middle follows from Newman’s expansion

1 = z
—:Zy“fory:—.
y = ¢

We can apply it because |y| = |z| while |z| < 1 by assumption.
Sum the above expressions in g, recall that

q—1
C“#landZC“:Of0r0<u<q,qul, (3.4)
s=0

and deduce that
q—1 ”

(lu=h)g -

1
7.5

16



for u = h + gl and an integer [, while 7~ = 0 for all other values u. Therefore

u
g= 0 Q(u h)g —

C(h+1

=3
(9 —z

Apply Newman’s expansion for y = 2?7 and deduce ([B.3) for |z| < 1. By continuity extend (B3] to
the case of |z| = 1.
Now let |z] > 1. Then

quo

C(h—i—l)g C(h+1)g 1 C(h+1 e (Cg) > C(u+h+1)g

C9—2z z 1-¢ z z Zutl

Sum these expressions in g, write u := gl — h — 1, apply ([B.4)), and obtain

- = — — =z —.
g _ ql—h ql
i SR =1 ° =0 *

Apply Newman’s expansion for y = z¢ again and obtain

1t ¢(h+D)g Sh—q Sh
_ = — 1 = .
quOCQ—z 1—5 1—=z
Hence (3:3)) holds in the case where |z| > 1 as well. O

Sum equations ([B.3) for z = z; and j =1,...,d, combine Eqns. 2l and (3:2), and obtain
Corollary 3.1. For the zeros z; of p(x) and all h, the Cauchy sums sp, 4 of (32) satisfy spq =

2h

d 7 —
D1 T = unless z] 1 for some j.

3.3 Approximation of the power sums in the unit disc

Cor. Bl implies that the values |sj, 4—s;| decrease exponentially in ¢ — h if the unit disc D(0,1) is
isolated.

Theorem 3.1. [120, Eqn. (12.10)/ Let the unit disc D(0,1) be O-isolated and let di, and
dowt = d — din, denote the numbers of the roots lying in and outside the disc D(0,1), respectively.

Then
din®" + doui 0" - doh

01 -1 T 01-1

|5h,q — sn] < for h=0,1,...,q— 1. (3.5)

Proof. Combine the expression s;, = Z?zl zg»‘ with Cor. 3] and obtain

h
24t

d
Sth_shzzl_
=1

g — Sh,g,in + Sh,q,out

where
din Zq+h d Zh
L J _ J
Sh,q,in = § 1_ 7 and Sh,q,out — § 1_ 9
=1 J j=dint1 J

"Unlike the proof in [I20], we rely on Cor. Bl of independent interest.
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To prove bound (3.5)) combine these equations with the bounds

1
\z]\<nforj<dmandﬁ<nfordm<3<d
Zj

O

By choosing ¢ that exceeds logy(2d + 1) we ensure that |sop — so4| < 1/2, and then obtain s by
rounding sg 4 to the nearest integer.

Example 3.1. Let the unit circle C(0,1) be 2-isolated. Then Thm. [31 implies that |sg q—so| < 1/2
for d < 1,000 if ¢ = 10 and for d < 1,000,000 if g = 20.
Algorithm 3.1. INPUT: a black box polynomial p of a degree d and 6 > 1.
INITIALIZATION: Compute the integer ¢ = |loge(4d + 2)] > logg(2d + 1).
COMPUTATIONS: Compute Cauchy sum sg 4 and output an integer 59 closest to it.

Observation 3.1. (i) Alg. [31 runs at HLA cost ¢ = |logg(4d+2)]. (i1) It outputs 50 = #(D(0,1))
if the circle C(0,1) is O-isolated for @ > 1. (iii) If the algorithm outputs 59 > 0, then #(D(0,6)) > 0.

Proof. Thm. BIlimmediately implies claim (ii) but also implies that #(D(0,1)) > 0 if 59 > 0 unless
#(A(0,1/6,0)) > 0. In both cases #(D(0,6)) > 0. O
3.4 Extension to any disc

Map (Z2]) enables us to extend definition ([3:2)) of Cauchy sum to any disc D(c, p) as follows:

qz (c+ pCQ) (3.6)

s Ly p) 1= S0,4(t,0,1)

le

for ¢ of ([L3), that is, sp4(p,c,p) is the Cauchy sums sp, 4(£,0,1) of the zeros of the polynomial
t(y) = p(*5°) in the unit disc D(0,1).

Observation 3.2. Given a polynomial p(x), a complex ¢, a positive p, a positive integer q, and
the q-th roots of unity, evaluation of soq(p,c,p) can be reduced to the evaluation of NIR(CY) for
g=0,1,...,q—1 at HLA cost q and in addition performing q + 1 divisions, 2q — 1 multiplications,
and 2q — 1 additions.

Refer to Alg. Bl applied to the polynomial ¢(y) of (2.2)) for an isolation parameter § > 1 as Alg.
(31,9 and also as Alg. [31] applied to 8-isolated circle C(c, p). Combine Observations [Z1] and

to extend Observation [3.1] as follows.
Theorem 3.2. (i) Alg. [31}. , 9 runs at HLA cost ¢ = |logy(4d+2)] and in addition performs 5q—2
ops. (i1) It outputs 5o = #(D(c, p)) if the circle C(c, p) is O-isolated. (iii) If the algorithm outputs
50 > 0, then #(D(c,0p)) > 0.

By applying Thm. Bl we can estimate the errors |sj, 4(¢,0,1) — s5(¢,0,1)| of the approximation

of the hth power sums sp(t,0,1) of the roots of ¢(z) in the unit disc D(0,1). Next we specify this
for h =1.

Theorem 3.3. (Cf. [54)].) Let for 6 > 1 a 0-isolated disc D(c,p) contain exactly m roots. Fix a
positive integer g and define the Cauchy sum s1 4(p, ¢, p) of (3.6). Then

pd9

Ime + ps1,4(p,c,p) — s1(p, ¢, p)| < 94
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3.5 The real part of the 0-th Cauchy sum

Clearly, |R(s0,q) —so| < [s0,q4 — So| because sg is an integer. Next we estimate the bound |R(sg 4) — so|
for the unit disc D(0, 1), point out some resulting directions to algorithmic gain for root-finding,
but leave further elaboration as a challenge for formal and empirical investigation.

Recall that s = Z? T L 77 unless zJ = 1 for some g (cf. Cor. B1)), write 2 := 2] and estimate
]

the contribution of a roots z; to R(sgq).

Theorem 3.4. Let z = p- (cos(¢) + sin(¢)i) for a non-negative p and a real ¢ € [0,27). Then

§R< 1 ): 1 — pcos(o) (37)

1—2z 1+ p2 —2pcos(¢)’
Ly p—cos(d)
1_%<1—z> _'01—1—,02—2,0005(@5)' (38)

Proof. Multiply both numerator and denominator of the fraction
1 1
1—2z 1—p-(cos(p) +sin(¢p)i)
by 1 — p- (cos(¢) — sin(¢)i), substitute cos?(¢) + sin?(¢) = 1, and obtain ([3.7). Then readily verify
B.3). O

Corollary 3.2. Under the assumptions of Thm. it holds that

1
>01 < .
é}t(l_z)_olf,o_l, (3.9)
1 1. .
§R<1_Z)—§1fp—1and1f¢7é0, (3.10)
§R< ! ) > L7080 e <54 and if cos(d) < 0.8 (3.11)
1-2) -1 +,o “16p = =25 '
( z) St o=0andif p£1, (3.12)
1 1 1
— < < 3.13
1—|—,0_‘§R<1—2>‘_\1—p]’ (3:13)
1 p
P <hi- < . 3.14
1—|—,0_‘ <1—z) 11— p (3:14)
Proof. Readily deduce (3.9), (3:10), and B3.12)) from B.7).
Write 1 ]
= =R{— d = .
y = cos(@). /() (1 ) and o) = s
Then deduce from ([B.7) that g(y) =2+ p . Hence ¢'(y) = ("1 i o monotone increasing or

1 —py)?
monotone decreasing function, singular 1f and only if y = Extend these properties to f(y) and

— f(y) if p < 1. This implies (31T)), (313), and (BI4) provided that p < 1 because

1

b

f(1):1%p, 1—f(1)=%’ J=1 = |1j—p|’ - s = |1—ph0|’
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and f(0.8) = .

The proof can be extended to the case where p > 1 except that the zero y = % of f(y) turns
into a pole of ﬁ We complete the proof of the bounds (B13) for all positive p by observing that

f(%) is undefined for p = 1 and that otherwise f(%) =0and 1— f(%) = 1. O
Next we outline but do not elaborate upon some potential links of Cor. to root-counting.

Let the unit disc D(0, 1) be #-isolated, combine bounds ([B.I3) and (BI4]), and obtain

[Ris0.0) = 50| < 7.

The bound is similar to ([B.5) for A~ = 0 but is overly pessimistic: it is only reached where cos(¢) = 1
for z = z; and all j.

Equation (312) implies numerically unstable dependence of the fraction %(le) on p where
cos(¢) =~ 1 =~ p, but bound (B.I1]) shows that outside a rather small neighborhood of these extreme
values of cos(¢) and p the fraction becomes smooth and approaches 1/2 as p — 1 and/or cos(¢) —
—1.

Remark 3.1. In view of bound (311) random rotation of the circle C(0,1) is a heuristic recipe
for countering instability in z of the fraction §R(1TIZ) because cos(¢p) > 0.8 for only one of four
equally-spaced points ¢ on the unit circle C(0,1) and hence with a probability less than 1/4 for
a random choice of ¢ under the uniform probability distribution in the range [0,2m). Moreover,
random rotation of the circle can limit the adverse and numerically unstable impact on an e/i test
by boundary roots — lying on or near the boundary circle C(0,1).

We conclude with a simple but surprising result on root-counting on an isolated circle.

Corollary 3.3. Suppose that p(1) # 0 and that p(x) has precisely m roots in an annulus A(0, %,6)
for a fized 8 > 1 and that all of them lie on the unit circle C(0,1). Let s’ and s” denote the
0th Cauchy sums for the discs D(0, %) and D(0,0), respectively, and write soq = " —s'. Then
#(C(0,1)) = 2R(s0,9)-

Proof. Combine Cor. Bl for h = 0 with equation (B310I). O

3.6 The power sums and Newton’s identities

If a polynomial p(x) of (1)) is monic, e.g., has been made monic by scaling, then the power sums
of all its d roots can be linked to the coefficients through the linear system of Newton’s identities
(cf. |89, equations (2.5.4) and (2.5.5)]):
$1+pi-1 =0,
Pd—151 + S2 + 2pg—2 =0,
Pd—251 + Pa—152 + 83 + 3pg—3 = 0,

i—1
Si+zpd—j3i—j = _ipd—h i = 17”’7d7 (315)
j=1
and for any K > d it holds that
d
> pajsarioj =0, i=1,... K —d. (3.16)
=0
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Algorithm 3.2. From the coefficients to the power sums. Given the coefficients of a polynomial p
of (1)), compute the power sums sy of its roots for h = 1,2,...,d by solving a triangular Toeplitz
linear system, which is equivalent to computing the reciprocal of a polynomial in x modulo =@ [89,

Sec. 2.5].

Conversely, given the power sums, we can compute the coefficients by solving a triangular linear
system defined by the same identities or by applying Newton’s iterations (see Algs. T3] and 21.4)).

4 Root-counting and /(-tests

4.1 Overview

We seek fast root-counters and f-tests based on computing Cauchy sum sq 4 for a smaller integer ¢,
but if we go too far the output can deceive us: the polynomial p(z) := (1 — wz?™)(2™ — dz + w)
has zero near the origin if w ~ 0, while NIR(x) = p/(z)/p(x) vanishes for z equal to any (d — 1)st
root of unity.

Such deceptive e/i tests have been extremely rare guests in the extensive experiments in [51), [54]
for ¢ of order log?(d)) and were completely excluded where the values |sh.q| were required to be
small for h = 0,1,2, but formal support for this empirical behavior is still a challenge. In the
next two subsections we formally support root-counters and ¢-tests running at randomized HLA
cost in O(mlog(d)). We rely on sampling the radius of an input circle at random in a fixed range
and conjecture that we would obtain similar results by computing the Cauchy sum sg, for the
polynomial p(ax) for random a € C(0, 1).

Randomization in our and all root-finders is of Las Vegas type (see Sec. [l). Besides, we apply
randomization in Sec. [[ anyway — to bound computational precision in our root-finders.

For the sake of completeness, however, we present a deterministic /-test in Sec. [B.11

4.2 A basic randomized root-counter

Next we avoid adverse impact whp for any input polynomial p and thus devise faster /-test., by
applying Las Vegas randomization: Fix the center ¢ of a circle C(c, p) but choose its radius p at
random in a small range and then prove that whp isolation 6 := i(C(c, p)) sufficiently exceeds 1 to
keep the boundary circle away from the zeros of p whp.

Accordingly we modify Alg. B.I} ,: we initialize it by choosing a positive integer ¢, thus arriving
at Alg. Eﬁ?,),. Wlog let ¢ = 0 and compute #(D(0,p)) for a random p in the range [2°-2,204],
devising a root-counter in such a random disc D(0, p). This can serve as a o-soft ¢-test for the disc

D(0,2°%2) for o = 292 indeed, if #(D(0, p)) < ¥, then #(D(0,2%2) < £; otherwise #(D(0,2%%)) > ¢.

Algorithm 4.1. Basic randomized root-counter.

INPUT: v > 1 and a d-th degree black box polynomial p having at most m zeros in the disc
D(0,V2).

INITIALIZATION: Sample a random value w in the range [0.2,0.4] under the uniform prob-
ability distribution in that range and write p := 2%.

COMPUTATIONS: Apply Alg. Iﬂg?[)) for g = |10m~ylog,(4d + 2)].

Theorem 4.1. Alg. [{-1] runs at HLA cost ¢ = |10m~ylogy(4d + 2)| and outputs 5o = #(D(0, p))
with a probability at least 1 —1/~.
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Proof. The HLA cost is as claimed by definition.
By assumption, the annulus A(0, 1, \/5) contains at most m roots.

Hence at most m root radii r; = 2%, for j = 1,...,m’ < m, lie in the range [1,4/2], that is,
0<e; <05 for at most m’ < m integers j.
Fix m/ intervals, centered at ej, for j =1,...,m’, each of a length at most 1/(5m’~). Their overall

length is at most 1/(57). Let U denote their union.
Sample a random w in the range [0.2,0.4] under the uniform probability distribution in that range
and notice that Probability(u € U) < 1/7.

Hence with a probability at least 1 —1/v the circle C(0, p) is 6-isolated for § = 2ﬁ, in which case
Alg. Tl outputs 59 = sg = #(D(0, p)) by virtue of claim (ii) of Thm. O

4.3 Refining the bound on error probability

Next reapply Alg. 1l v times. Clearly, this increases its HLA cost v times but also decreases the
error probability dramatically — below 1/~".

Next we will prove this for £ = 1 and ¢ = m. First again reduce the root radius approximation
problem to the decision problem of /-test. Namely, narrow Alg. [{-1] to an (-test for a fixed ¢ in the
range 1 < ¢ < m, so that with a probability at least 1 — 1/~ this ¢-test outputs 0 if #(D(0,1)) < £
and outputs 1 if #(D(0,2%%)) > £. Moreover, output 1 is certified by virtue of claim (iii) of Thm.
if £ = 1; similarly the output 0 is certified if £ =m

Next extend the (-test by means of applying Alg. A1l for v iid random variables w in the range
0.2 <w < 0.4. Call this /-test Alg. A.Iv,/.

Specify its output g for £ = 1 as follows: let g = 1 if Alg. E1lv, 1 outputs 1 at least once in its v
applications; otherwise let ¢ = 0. Likewise, let ¢ = 0 if Alg. BT, m outputs 0 at least once in its v
applications; otherwise let g = 1.

Recall Thm. 1] and then readily verify the following theorem.

Theorem 4.2. (i) For two integers 1 < ¢ <m andv > 1 and a real v > 1, Alg. [[-2v,¢ runs at HLA
cost | 10m~y logs(4d + 2) |v, which dominates the cost of the other ops involved, even in the cases of
the Mandelbrot and sparse polynomials p (cf. Observation [32). (i) Output 1 of Alg. [f-1v,1 and
the output 0 of Alg. [{-Iv,m are certified. (iii) Output 0 of Alg. [{- 1,1 and output 1 of Alg. [[-Ijv,m
are correct with a probability at least 1 — 1/~".

The theorem bounds the cost of ¢-tests for £ =1 (e/i tests) and ¢ = m. This is sufficient for our
root-finding, but our next natural extension covers ¢-tests for any integer ¢ in the range 1 < £ < m.

Assign the values 0 or 1 to the output integers g as follows: compute the average of the v outputs
in v independent applications of the test and output g denoting the integer closest to that average;
if the average is 1/2, write g = 0 to break ties.

This extension of Alg. [.IWv,¢ is only interesting for 1 < ¢ < m; otherwise its cost/error estimates
are inferior to those of Thm.

Theorem 4.3. For an integer £ such that 1 < £ < m < d and real v > 1 and v > 1, Algs.
[, runs at HLA cost |10m~ylogy(4d + 2)|v, and its output is correct with a probability at least

1= (4/7)"/2.

Proof. Since D(0,1) C D(0,+/2), we only consider the following three cases:

(1) #(D(0,1)) < £ and #(D(0,2°%)) > ¢,
(ii) #(D(0,299)) < £, and then also #(D(0,1)) < ¢,
(iii) #(D(0,1)) > ¢, and then also #(D (0,205)) > /.
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In case (i) the output g is always correct.

In case (ii) the output 0 is correct, while the output 1 is wrong and occurs if and only if more
than v/2 tests go wrong, by outputting 1.

Likewise, in case (iii) the output 10 is correct, while the output 0 occurs if and only if more than
v/2 tests go wrong, by outputting 0.

In both cases (ii) and (iii) we deal with the binomial distribution having failure probability 1/7,

and so (cf. [24]) the probability P of at least v/2 failures among v tests is at most >7_; (j) T;

for Tj =y 7(1 - 1/7)"7 <~77.
v v

Therefore, P < 3%, <]> = Tp2" max; Tj. Substitute > 7_ <]> = 2% and ¥ = [v/2] and

obtain P < 2VT, < 2V /~%/2 = (4/~)"/2. =

5 Error detection and correction

A randomized root-finder can lose some roots, although with a low probability, but we can detect
such a loss at the end of root-finding process, simply by observing that among the m roots in an
input disc only m — w tame roots have been closely approximated [ while w > 0 wild roots remain
at large. Then we can recursively apply the same or another root-finder until we approximate all
m roots Next we estimate the cost and error probability of this recursive process.

Theorem 5.1. Let the above recipe for error detection and correction be applied to the output of
a basic randomized root-finder performing at the cost a (under a fixred model) and correct with a
probability 1/5 for 8> 1 and let the basic algorithm be reapplied, each time with error detection at
cost §. Then in v recursive applications of the algorithm, its output is certified to be correct at the
cost less than (o + 6)v with a probability at least 1 —1/5Y.

Having d — w tame roots zy+1, 2w+1,---,24 approximated, we can deflate the factor ¢(z) =
H?’zl(:p — 2j), e.g., by applying evaluation-interpolation techniques [129], but this can blow up the
coefficient length and destroy numerical stability unless w is a sufficiently small integer.

Working with a black box polynomial, however, we have an option of implicit deflation of the

wild factor of p of any degree w, whose root set is made up of the w wild roots z1, ..., z,: we can
apply the same or another root-finder to the quotient polynomial ¢(z) = p(z)/ H;l:w (T —z5),
q'(z)

without computing the coefficients of this quotient. We can compute the ratio q/(w) by applying the

: o @) p@)  d-w 1
following expression: oz = pa) ijl .

5.1 Deterministic /-test

In view of our remark at the end of Sec. 1], randomization is only a nominal restriction for ¢-tests,
but next we get rid of it, although at the price of increasing the HLA and Boolean cost by a factor
of m.

Any output 59 > 0 of Alg. B.Il. , certifies soft inclusion by virtue of claim (iii) of Thm. B.2] but
the output 59 = 0 does not certify exclusion because some unknown roots can lie on or near the

18We call a complex ¢ a tame root for an error tolerance ¢ if ¢ lies in an isolated disc D(c, €), whose index #(D(c, €))
we can readily compute (cf. Thm. B]).

19This recipe detects output errors of any root-finder at the very end of computations, but for subdivision root-
finders one can detect the loss of a root earlier whenever at a subdivision step the indices of all suspect squares sum
to less than m.
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circle C(c,p). To counter potential adverse impact of such boundary roots, apply Alg. Bl ,, for
i=0,1,...,2m, where the 2m + 1 concentric circles C; = C(c, p;,0), pi = po/0*,i=0,1,...,2m,
are sufficiently well isolated pairwise, so that a single root can corrupt the output of Alg. B.1}. ,, o
for only a single i, and so the majority vote certifies that at least £ roots lie in the #-dilation of the
outermost disc D(c,0pp) of the family or less than ¢ roots lie in its innermost disc D(c, pay,). This
defines a o-soft ¢-test for o > 1 equal to the ratio of the radii of the latter two discs.

Next we elaborate upon this test.

Without loss of generality (wlog) let ¢ =0, 0p =1, C(c,8p) = C(0,1).

Algorithm 5.1. Deterministic ¢-test.

INPUT: A black box polynomial p of a degree d and two positive integers £ and m > £ such
that the unit disc D(0,1) contains at most m roots.

INITIALIZATION: Fix

1 — .
o>1, 0=cimt1, qg=logy(4d +2)], Pi = o U=

OUTPUT: 0 if #(D(0,1/0)) < £ or 1 if #(D(0,1)) > £.
COMPUTATIONS: Apply Alg. [31h ,, ¢ for q of (21) andi=0,1,...,2m.

Output 1 if at least m+ 1 integers 3¢ output by the algorithm (among all 2m+1 such integers)
exceed ¢ — 1. Otherwise output 0. (For { = 1 we can output 1 already on a single output
50 > 0; for £ = m we can output 0 already on a single output So < m.)

Theorem 5.2. Alg. [5lis a o-soft £-test for o > 1 of our choice (see (51)).

Proof. Thm. [B.I]implies that for every i, Alg. B.1h , o outputs 5o = #(D(0, p;)) unless there is a
root in the open annulus A; := A(0, p; /0, 0p;).

The 2m + 1 open annuli A;, i =0,1,...,2m, are disjoint. Hence a single root cannot lie in two
annuli A;, and so Alg. BT}, ¢ can fail only for a single integer i € [0,2m], and so at least m + 1
outputs of the algorithm are correct.

To complete the proof, combine this property with the relationships pg,, = 1/64™*! (cf. (G1)),
po = 1/6 < 1, and #(D(0,pi+1)) < #(D(0,p;)), which hold because D(0, pi+1) C (D(0, p;) for

i=0,1,...,2m — 1. O

Observation 5.1. [Cf. Observation [3.2.] Alg. [ runs at HLA cost A = (2m + 1)q for ¢ =
|logg(4d + 2)| = | (4m + 1)log,(4d + 2) |, which dominates the cost of the remaining ops involved,
even in the cases of the Mandelbrot and sparse input polynomials and which is in O(m?log(d)) if
o — 1 exceeds a positive constant.

6 Root radius estimation based on /-test

In this section we assume that we are given an algorithm for ¢-test and go back from the decision
problem of ¢-test to approximation of rg_p1q é’ ), the £th smallest root radius from a complex point
¢, assumed to lie in a fixed range [a_,a4] Wlog let this be the range [e, 1] for a fixed small
positive € = 1/2°. The bisection algorithm is too slow for us, and we accelerate it by applying it to

20For our root-finders we only need to approximate r4_¢11(c’) for £ = 1 and £ = m and only with a constant bound
on the relative error, but we will estimate rq_¢41(c’) within 1/2b for any real b and ¢, 1 < ¢ < m, and estimates,
which is of independent interest for root-finding.
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approximate the exponent of a target value. Call that algorithm bisection of exponent or BoF and
apply it to bracket the ¢th smallest root radius r4_sy1 in a range [p—, p4] such that 0 < p. —p4 <€
or 0 < py < Bp_ for two fixed tolerance values € = 1/2° and g = 2% > 1.

Assume that the unit disc D(0, 1) contains at most m roots for 1 < ¢ < m and that besides
the above tolerance values the input of BoE includes a softness bound ¢ = 1 4 « for a fixed small
positive parameter o < 1/2 and a o-soft (-test, ,, to be used as the pivot of BoE.

Since the test is soft, so is BoE as well: for a range [b_,b;] with midpoint b= 0.5(b+ + b-)
regular rigid bisection continues the search in the range [b_,g] or [E, b ], but our soft BoE continues
it in the range [b_, (1 + a)b] or [(1 — a)b,bs] for a fixed small positive a. The approximations
still converges linearly and just a little slower than the regular bisection: the approximation error
decreases by a factor of Hia rather than by twice2]

Algorithm 6.1. Bracketing the /-th smallest root radius based on /-test.

INPUT: Two integers £ and m such that 1 < ¢ < m and #(D(0,1)) < m, 0 = 1+ « for
0 <a<1/2, ao-soft l-testy ,, and two tolerance values 3 := 2°>1ande=1/2°,b>1.

OUTPUT: A range [p—, p+] such that [p—, p+] = [0,€] or p— <rg_pi1 < py < Bp_.
INITIALIZATION: Write b := logy(2), b_ := —b, and by := 0.

COMPUTATIONS: Apply K—testo,g. Stop and output [p—, p+] = [0, €] if it outputs 1. Otherwise
apply {-testy , for

po =20 pr =2 p:=2" and b:= [(b_ + by)/2]. (6.1)
Write b_ = (1 — )b if the (-test outputs 0; write by = (1 + a)b if the test outputs 1. Then
update b and p according to (G1]).

Continue recursively: stop and output the current range [p_, py] = [20=,20+] if by —b_ < ¢,
that is, if p+ < Bp—; otherwise update b and p and reapply the computations.

The disc D(0, €) contains at least £ roots, that is, the range [0, €] brackets the ¢th smallest root
radius 7q_s41 if the o-soft (-test applied to the disc D(0, £) outputs 1. Otherwise, the disc D(0, £)
contains less than ¢ roots, and so the root radius 74_s41 lies in the range [£,1], in which we shall
continue our search.

Readily verify that our policy of recursively updating the range [b_, b;] maintains this property
throughout and that updating stops where by — b_ < ¢, that is, where py < Bp_. This implies
correctness of Alg.

Let us estimate the number I of its invocations of an /-test.

Theorem 6.1. Alg. [61] invokes an {-test I times where I < flog,,(%ﬂ +1 forv =15 1=
O(log(b/¢))-

Proof. The computations in Alg. 6] stop after the first application of an ¢-test if it outputs 1. It
remains to count the subsequent f-tests if it outputs 0.

Each test decreases the length b = b, — b_ of its input range [b_,b,] for the exponent to

0.5(1 + a)b. Hence i applications change it into (1-5_;1)15 for ¢ = 1,2,.... These values linearly

converge to 0 as ¢ increases to the infinity, and the theorem follows. O

27f we applied BoE to the range [0, 1], we would have to bisect the infinite range [—o0, 0], but we deal with the
narrower range [—b, 0] since we have narrowed the range [0, 1] to [e, 1].
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Remark 6.1. In the case where we know that #(D(0,p)) > ¢ for a fized p in the range [e, 1], we
only need to refine the initial range [p, 1] for the root radius rq_g41.

Clearly, I applications of /-test increase the number of evaluation points for the ratio % by at
most a factor of I, and if the /-test is randomized, then the error probability also grows by at most
a factor of I. Let us specify these estimates for Alg.

Corollary 6.1. Let precisely m zeros of a black box polynomial p(x) of a degree d lie in the unit
disc, that is, let #(D(0,1)) = m, and let i(D(0,1)) > 0, where § — 1 exceeds a positive constant.
Given two positive tolerance values € = 1/2° and ¢, an integer £, 1 < ¢ < m, and a black box (-test,
running at HLA cost NR, Alg. [61 approzimates the (-th smallest root radius |z;| within the relative
error 2¢ or determines that |z;| < €, performing at HLA cost - N'R for 1 = O(log(g)) estimated in
Thm. [6.1].

7 Precision of computing in our root-finders

7.1 Doubling precision and a posteriori Boolean complexity estimates

How should one choose computational precision for approximation of a polynomial p(x), given x, an
absolute error bound TOL, and a black box algorithm A for polynomial evaluation? The solution
depends on the value of |p(z)| at z, unknown a priori. Schénhage proved a worst case lower bound
on |p(z)| for z € C(0,1) and ||p||1 = 1 (see [120, Eqn. (9.4)] and some elaboration upon this in our
Sec. 8) and noticed that his bound tended to be a great overestimate in his practice.

A simple practical recipe of [10], 14} 2] is immune to such an overestimate and was the basis for
highly successful performance of MPSolve. Namely, first apply the algorithm A with a low precision
and then recursively double it until the output error decreases below TOL.

The Boolean cost of the computations roughly doubles at every recursive step, while the output
error bound decreases by a factor near 2. For simplified crude estimates let it be exactly 2. Then
precision and the Boolean cost at the final recursive step exceed their optimal values by at most
twice, and the overall Boolean cost at all recursive steps exceeds the Boolean cost at the final step
by at most twice, even if one does not reuse the results of the previous steps.

The Boolean cost of polynomial evaluation and of root-finding under this recipe is proportional
to HLA cost and thus decreases for polynomials that can be evaluated fast. Next we estimate
Boolean cost of our root-finders for a general input polynomial, thus giving up potential acceleration
in the case of the Mandelbrot polynomials and the sums of a small number of shifted monomials.

We can equally well apply the recipe of recursively doubling precision where a target tolerance
bound RTOL is fixed for a relative output error of the evaluation, and in the rest of this section we
prove that already under a choice of RTOL= O(log(d)) at that stage, proceeding with a precision
of O(log(d)) bits is sufficient for correctness of our subdivision root-finders.

3

7.2 Reduction to approximation of zINIR(z) within ¢

We approximate NIR(x) = ’; ((;C)) with the first order divided difference:

NIRs(z) e+ = P& =) 2@ =P =0) _ W) Nk () for 6 ~ 0. (7.1)

d  dpla) p(x)d p(z)
Here y lies in the line segment [z — 4, z] by virtue of Taylor-Lagrange’s formula, and so y ~ z for
d ~ 0. Next we estimate precision of computing that supports approximation of NIR(x) required
in our root-finders.
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Next we estimate precision of computations in our deterministic and randomized e/i tests, and
we only need to consider them performed for #-isolated discs D(c, p) with 6 —1 > 0 of order %

Map (22) reduces such a test for p(z) to the disc D(0, 1) for the polynomial t(x) = p(%)

The output of an e/i test is an integer, and we only need to certify that the output errors of

Algs. 6.1l and [£.1] are less than %

We achieve this by performing our algorithms with a precision of O(log(d)) bits at HLA cost
of order mlog(d) provided that a black box oracle furnishes to us the ratio t(f(;)é ) within g for any
fixed positive § = O(1/d°W).

Precision of computations at that stage defines overall Boolean cost of our root-finders, which
we estimate in the next sections.

Our e/i tests compute the g values p:nl;;((cc:pp;)) = xi((;)), forz = (9, (of 3B2), and g =0,1,...,q—
1, sum these values, and divide the sum by gq.

By slightly abusing notation write NIR(x) := i((;)) rather than NIR(z) = 7;; ((;) . According to
straightforward error analysis (cf. |20, Appendix A of Ch.3] and the references therein) rounding
errors introduced by these additions and division are dominated, and we can ignore them; then it is

sufficient to compute (INIR((Y) within, say, % for every g. Indeed, in that case the sum of ¢ error

bounds is at most % and decreases below % in division by q.

—

1

7.3 Precision of representation of sNIR(z) within &

Recall Eqn. (Z)) and represent NIR(z) for [z| = 1 within 1 by using a precision of O(log(d)) bits.

Theorem 7.1. Write C := C(c, p) and assume that |z| = 1 and the circle C is 0-isolated for 6 > 1.

Then |zNIR(z)| < 1_‘{/9 = 2.

Proof. Eqn. (21 implies that [NIR(z)| = |Z?:1 L | <y L where |z — zj| > (1 —1/8)p

T—2zj J=1 [o—z]
for |z;| < 1, while |z — z;| > (6 — 1)p for |z;| > 1 since i(C)) > 6. Combine these bounds, write

m :=#(D(c,p)), and obtain [2NIR(z)| < 2z + $=5 < =47 for |z| = 1. =

Corollary 7.1. One can represent xNIR(z) within % for |x| = 1 by using a precision of 3 +

ﬂogz(l_ci/e)] bits, which is in O(log(d)) provided that 71~ = d°0,

7.4 What is left to estimate?

Instead of zNIR(x) = xf(,g) we actually approximate xf(/g(f)’) where |y — z| < § and #'(y) is equal

to the divided difference of (7.I)). Thus we shall increase the above error bound % by adding to it

the upper bounds % on o := xf(,g) — mf(lg(f)’)] for |z| = 1 and on the rounding error 5 of computing
xt(m)—t(m—&)
ot(z) )

Next we estimate « in terms of d, 8, and ¢ — by extending the proof of [68, Lemma 3.6], then
readily ensure that o < § by choosing § with a precision logy(1/|8]) of order log(d). Finally we
estimate f3.

7.5 Precision of approximation with divided difference

We simplify our estimates by dropping the factor z for |x| = 1 and use the following lemma, which
is [68, Fact 3.5].
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Lemma 7.1. For t(z) = H;l 1(z —y;) and a non-negative integer j < d it holds that

t(] —jl t Z H

S] d ]ES] d

where the summation Zsj’d is over all subsets S;q of the set {1,...,d} having cardinality j.
Theorem 7.2. Under the assumptions of Thm. [Z1] let w = w(x) := max;j—; m Then

x)—t(x— w)?
t(@)|a = (A== _ ()| < Jp(a) LL)d ).

Proof. The claimed bound on || follows from (2J). It remains to apply the first five lines of the
proof of [68, Lemma 3.6] with f, «, n, and £ replaced by ¢, —0, d,and w, respectively. Namely, first

obtain from Taylor’s expansion that t(z) — t(z — ) = > 22, 5], t0)(z) — t(x).
Substitute the expressions of Lemma [7.T] and obtain

tz) — t(z — ) = ot ( +Zéﬂt > Hx_

Sja J€Sja

Combine this equation with the assumed bounds on \x——1y| and deduce that
J

=0 o] <105 ] < o 7

Recall that in our estimates for o and § we can apply Thm. [Z.1] for w < 93%1 and obtain
Corollary 7.2. Under the assumptions of Thm. [71], let w < (ﬁ;l. Then

(-1

a < 1/8 for 0] < 1020

7.6 The impact of rounding errors
To approximate |zNIR. ,(z)| within 3 it remains to approximate 3 within 3.

Theorem 7.3. Suppose that a black box oracle computes for us the values t(y) within a relative
error bounds V(y) fory =x, y = x — 9, and 6 of Cor. [L2 Then we can ensure that |3| < % by
choosing a proper V(y) of order 1/d°W) | represented with a precision of log(%) = O(log(d)) bits.

Proof. Write g6 = {e=0(4V(@=9)) _ ta=9) _ Ha=9) V(@—9)-V(&)

t@)(1+V(@) @) t(z) 1+V(z)
Taylor Lagrange s formula implies that m( )5) =1+ W =149 t(( )) for u € [x — ¢, x].
t(x

) <141+ )d| for of :t“;)(x)( ),

Hence | T )
By extending Cor. [Z.2] obtain |o/| < 1
Hence M2 < i= 1 + 2, while 136 < Y@LV E—5)]

1=V (2)]
Now Choose V(y) such that |V(y)| < 1'%‘[} fory=xandy =xz—4, and sow(|V(x)|+|V(z—9)|) <
. 3 [
2. Then verify that log(le)‘) = O(log(d)), 1 — |V(x)| > 1|71‘U > 28 and 68| < |—8‘. O
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By combining Cors. [Z.1] and and Thm. [T.3] obtain

Corollary 7.3. Suppose that a black box oracle can output approximations of a d-th degree polyno-
mial t(z) with any relative error in 1/d°W for |z| < 1 and let the unit disc be §-isolated for t(x)
and for ﬁ = d°W) . Then we can perform e/i test for t(x) on the unit disc by using a precision of
O(log(d)) bits.

8 Approximation of matrix eigenvalues

Given a d x d matrix M having characteristic polynomial p(z) = det(xl — M), our root-finders can
approximate all m its zeros (that is, the eigenvalues of M) lying in a fixed disc D on the complex
plane isolated from external eigenvalues.

Recall Gershgorin’s bound for any eigenvalue A of a matrix M = (am)gj:l [124] Thm. 1.3.2|:
N —aiil <3254 la;;] for some d, 1 <i<d.

Hence, clearly, || < ||M]|F.

Combine this bound with the precision estimates of the previous section for our root—ﬁnder
and with the following result of Storjohann [123] (cf. Remark BT)):

Theorem 8.1. One can evaluate the determinant of a d X d integer matriz A by using an expected
number of O(d” log?(d)log(|A||r)) bit operations.

This implies a record Boolean complexity bound O(m2b%d” ) (cf. (L7)) for approximation within
e of all m eigenvalues of M lying in the disc D provided that b = log,(||M||r/€).
Remark 8.1. Our root-finders are essentially reduced to evaluation of NIR(x) = ’;((;)) at sufficiently
many points x. Hence we can rely on the following expressions for approximation of the eigenvalues
of a matriz or a matriz polynomial:

p(x) _ 1
p(x)  trace((xl — M)~1)
where M is a matriz and p(x) = det(zI — M) (c¢f. (21)) and

p(x) 1

p'(x)  trace(M—1(z)M'(z))

where M(x) is a matriz polynomial and p(xz) = det(M(x)) [19, Eqn. (5)] Based on these
expressions one can reduce approximation of eigenvalues of a matrix or a matrix polynomial to its
inversion. This tends to be more numerically stable than computing determinants and is significantly
accelerated where an input matriz or matriz polynomial can be inverted fast, e.q., is data sparse. In
that highly important case using matrix inversion should supersede using evaluation of det(xI — M).

9 Boolean complexity of polynomial root-finding

9.1 Our goal and a basic theorem

Next we estimate the Boolean complexity of our root-finders applied to a general polynomial p of
(L) whose coefficients are given with a precision sufficient to support our root-finding. In view

2ZPractically, one can combine our root-finders with the recipe of doubling the precision of computing of [10] 14} 21].
ZThese expressions have been obtained based on the well-known Jacobi’s formula d(In(det(A))) = trace(A~'dA),
which links differentials of a nonsingular (invertible) matrix A and of its determinant.

29



of our study inthe previous sections, we only need to estimate the cost of evaluation of p with a
relative error in 1/d° for any constant ¢ and to combine the estimates with the results of Sec. [

Kirrinnis in [60, Thm. 3.9, Alg. 5.3, and Appendix A.3| bounds the Boolean complexity of
modular representation of a polynomial, which implies its multipoint evaluation He applies his
and Schonhage’s study of Boolean complexity of basic polynomial computations (cf. [120]) and
applies it to the algorithm of Fiduccia [37] and Moenck and Borodin [73] (see [18 Sec. 4.5] for its
historical account).

Theorem 9.1. [60, Thm. 3.9]. Given a positive b, the coefficients of a polynomial t(x) := Zf:(] tix!
such that ||t(x)]|y = Z?:O ltil <1, and ¢ > d complex points z1,...,z4, in the unit disc D(0,1),
one can approvimate the values t(z1), ..., t(z,) within 1/2° by using O(u((dlog(d) + q)(b + q))) =

O((b+ q)(d + q)) Boolean operations for

j(s) = O(slog(s) log (log(s))) = O(s) (9.1)
denoting the Boolean complexity of multiplication of two integers modulo 2° [127).

To cover also the case where ¢ < d, represent t(x) = Z?:o tj(z)x?9 for h = [d/q] — 1 and
polynomials ¢j(x) of degrees at most ¢ sharing their coefficients with ¢(x) and then evaluate them
at the points z1,...,2,:
(i) the polynomials p;(x),
(i) the powers 279 for j = 0,1,...,h, and finally
(i) #(x) = 35— tj()ad?.

At stages (ii) and (iii) we only perform O(d) ops and increase precision of computing by O(log(d)
bits because max?zo |z;| < 1.

At stage (i) we apply h times Thm. @] for d replaced by m; the supporting Boolean cost bound

O(pu((b + q)dlog(q))) = O((b+ q)d) dominates the overall Boolean cost of the evaluation of p(x);

this extends the bound O((b+ ¢q)(d 4 ¢)) of Thm. to the case where ¢ < d.

9.2 Reduction of our root-finders to multipoint polynomial approximation

Given a complex ¢, a pair of positive b and p, and d+ 1 coefficients of a polynomial p = p(z) of (L))
such that the disc D(c, p) is isolated and contains precisely m zeros of p, we approximate all these
zeros within R/2° for R = |¢| + p by applying subdivision root-finding iterations with deterministic
or Las Vegas randomized e/i tests of Secs. 4 or 5, respectively. Then every subdivision step is
reduced to application of e/i tests to m = O(m) discs D(cy, py) for py > R/2? and all \.

Such a test amounts to approximation of p(x) at O(qlog(d)) equally spaced points x on each
of v circles sharing the center ¢y and having radii in the range [py/o, pao] for 1 < o < /2. Here
v=2m+1and ¢ =m? or v = O(1) and ¢ = m in our e/i tests of Secs. 4 or 5, respectively, while
g = 1 under the random root model.

In Thm. a polynomial ¢(z) with ||t(z)||1 <1 is evaluated at points z; € D(0,1). To ensure
these assumptions we first scale the variable x — Rz to map the discs D(cy, pro) — D(éx, pr) C
D(0,1), for &, = cx/R, px = pa/R > 1/2°, and all \.

24Precision of computing, affecting the overhead constants hidden in the above estimates and supporting the
latter algorithm, grows fast as d increases; e.g., the IEEE standard double precision of the customary numerical
computations is not enough in that algorithm already for d > 50; for b = O(log(d)) one can fix this deficiency by
applying the Fast Multipole Method of Greengard and Rokhlin [44] 26] [92] [93] to the equivalent task of multiplication
of Vandermonde matrix by a vector.
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Then we write t(z) := p(Rx) /1 for ¢ = O(R¥||p(x)||1) such that ||t(x)]|; = 1 and approximate
( ) within 1 ‘ 2% or equivalently within the relative error bound 1/(|t(x)|2?) at ¢ := quv points z in

m e/i tests2? )

Due to Cor. [Z3lit is sufficient to ensure the bound 1/(|t(z)]|2?) = 1/d°(); we achieve this by
choosing any b > log(W;)l) + O(log(d)).

In our e/i tests we only need to approximate ¢(x) at the points x lying on #)-isolated circles

where 9— = O(m). Map the disc D(¢y,py) into the unit disc D(0,1). This does not change
isolation of the boundary circle and may increase the norm ||t(x)||; by a factor of at most 20+9
because |¢x| < 1 and py) > 1/2°. Now recall that log(”ff(?)wl) = O(dlog(m)) (cf. [120, Eqn.(9.4)]),
substitute ||t(x)||; < 2°%9, and obtain that b = log( \t(lx)|) + O(log(d)) = O(dlog(m) + b).

Remark 9.1. For m = d the above bound on log(Hrt(x Hl) of 1120 Eqn. (9 4)]) is sharp up to a

constant factor and is reached at the polynomial t(z) = (z+1—1)1/(2—L)d py =1 and 2z = —1.

For m < d [120, Thm. 4.5] implies a little stronger bounds log(”ff(x))wl) = O(d + mlog(m)) and
hence b = O(mlog(m)+d+b) because all discs D(Eyx, py) lie in 0-isolated unit disc D(0,1) for 6 —1

exceeding a positive constant.

9.3 Boolean complexity of our e/i tests and root-finders

Now apply Thm. with ¢ and b replaced by § = O(gm) and b = O(b + d + mlog(m)) (cf.
Remark 0.1]), respectively, and obtain that the Boolean complexity of our O(m) e/i tests at any
fixed subdivision step is in O(u(gm + dlog(d))((q¢ + log(m))m + d + b))) for u(s) of (@) and
g = q(m) of Thm. [L1 for our e/i tests of Secs. 4 and 5. This implies the estimate O(u(g(m)m +
dlog(d))((g(m) +log(m))m + d + b)b)) = O((g(m)m + d)(g(m)m + d + b)b) for the overall Boolean

time of our O(b) subdivision steps.

9.4 Higher Boolean complexity of general polynomial root-finding based on
map (2.2) and root-lifting

Our Boolean complexity estimates for root-finding rely on restriction of computations to approx-

imation of NIR without involving coefficients of p. Knowing the coefficients of the polynomial

t( ) = p(wpc) one can devise very fast e/i test for the disc D(c, p) by applying Pellet’s theorem to
ty(z) for h of order log(d), whose zero are the hth powers of the zeros of ¢(z) [22] 23].

The paper [23] applies subdivision iterations of [134] 46, 114, 88| with e/i tests performed by
means of Pellet’s theorem, which involves all coefficients of an input polynomial, thus losing the
benefits where,say, p(z) is the Mandelbrot polynomial. The tests must be applied to discs covering
all suspect squares, up to 4m squares per subdivision iteration.

A subdivision algorithm of [23] first maps the covering disc into the unit disc D(0,1) (cf. (22))),
thus losing the benefits where p(x) is the sum of a small number of shifted monomials. Then the
algorithm performs order of log(log(d)) root-squaring steps (one can apply order of log(d) root-lifting
steps instead but within the same Boolean cost estimates), and finally applies Pellet’s theorem to
the resulting polynomial ¢ ,(x) = Z?:o tixt.

25Gcaling p and z above is done once and for all e/i tests; to compensate for this we only need to change our bound
on the output precision b by [|log, R|] bits.
26This bound is readily deduced from the following non-trivial result [I20, Thm. 4.2]: Let t(x) = fILE (= =

)T in (2 = 1), (@)l = 1, [25] < 1 for j < m, and 2] > 1 for j > m. Then |f] > 1/2°.
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Transition from p(x) to t.,(x), however, involves scaling of the variable = by factors ranging
from R/2° to R = max;l_l |zj| (besides root-squaring and shift of the variable). Hence for every
i,1=20,1,...,d, the coefficient t; must be computed within 1/ 20=% to approximate the zeros of p
within 1/2° (see Observation [2).

This involves at least bg bits for g = 1,...,d, that is, at least 0.5(d — 1)db bits and 0.25(d — 1)db
bit-operations overall for a single e/i test.

A single subdivision iteration for Problem 1,, can involve up to 4m e/i tests and hence up to
at least (d — 1)dbm bit-operations. This is by a factor of m greater than in root-finder of [83] [O0]
overall.

The bit-count above and the Boolean cost bounds for root-finders of [83] 90, 23] decrease by a
factor of d where the minimal pairwise distance between the zeros of p exceeds a positive constant,
but the ratio of the bounds of [23] and [83, [90] remains at least m, where m can be as large as d.

Similar argument shows that even representation of the leading coefficients ¢4 of ¢(z) alone after
scaling for a singe e/i test involves odder of bd bits, which is amplified to d?b for tzll in every e/i test
(see the end of Sec. [L7) and up to d?bm per a subdivision iteration with m e/i tests.

It may be interesting that a shift by ¢ such that |¢| < 2 is much less costly than scaling:

Theorem 9.2. Boolean cost of the shift of the variable, [122] Lemma 2.3] (cf. [60, Lemma 3.6]).
Given a positive b, the coefficients of a polynomial p(x) := Z?:O pixt such that ||p(z)|l1 < 1, and
a complex ¢ such that |¢| < 2, one can approzimate within 1/2° the coefficients to,t1, ... ,tq of the
polynomial t(x) := Z?:o tixt == p(x — ¢) by performing O(u((b+ d)d)) Boolean operations.

We can relax the restriction |c¢| < 2 above by means of scaling the variable x — xc, but as we
could see above, this would greatly increase the overall Boolean cost bound.

PART II: Subdivision with exclusion /inclusion tests based on root-
lifting

Organization of Part II: We devote the next section to background. In Secs. [l and [12] we
cover our e/i tests and their extensions to m-tests, respectively. In Secs. [I3] and [[4] we estimate
computational precision of our root-finders and their Boolean cost, respectively. In Sec. we
compute a disc that covers all d zeros of p.

10 Background

10.1 Definitions
We first redefine the concepts of HLA cost, NR and NIR, used in the Introduction.

e HLA cost of a root-finder is the number of points x at which it approximates an input poly-
nomial p(x).

t,(—x) is Newton’s ratio, NIRy(z) := i((—;c)) is Newton’s inverse ratio for a polynomial

° NRt(ﬂj‘) = e
t(x), NIR¢(x)NRy(z) = 1.

e We write NR(z) := NR,(z) and NIR(z) := NIR,(z).

e We approximate NIR(z) at HLA cost 2 by using the first order divided differences as follows:
fix a 6 =~ 0 and compute

NIR(z) ~ p(z) = p(x = 9) = ') for y € [x — 6, x]. (10.1)

p(x)o p(z)




Figure 4: The roots are marked by asterisks. The red circle C(c, pf) and the disc D(c, pf) have
isolation 6. The disc D(c, p) has isolation 6.

By virtue of Taylor-Lagrange’s formula, y =~ x for § = 0.

e Define squares, discs, circles (circumferences), and annuli on the complex plane: S(c,p) =
{z: Rlc—2)| <p, [S(c—x)| < p}, Dic,p)={a: [v—c <p}, Cle,p) :=A{z: |[z—c[=p},
Ale,p,p) ={z: p<lz—c| <o}

o A(S), CH(S), X(S) and #(S) denote the diameter, root set, convex hull, and index (root set’s
cardinality) of a set or region S on the complex plane, respectively.

e A disc D(c,p), a circle C(c,p), or a square S(c, p) is -isolated for > 1 if X(D(c,p)) =
X(D(c,0p)), X(C(c,p)) = X(A(c, p/0, pb) or X(S(c,p)) = X(S(c,0p)), respectively. The iso-
lation of the disc D(e, p), the circle C(c, p), or the square S(c, p), denoted i(D(c, p)), i(C(c, p)),
and i(S(c, p)), respectively, is the largest upper bound on such a value 6 (see Fig. 4).

e A disc D has softness o(D) = A(D)/A(X(D)) > 1 and rigidity n(S) = 1/0(D). A disc is
o-soft and n-rigid for any o > o(D) and any n < n(D). We say rigid for “n-rigid", soft for
“o-soft", and isolated for “f-isolated" if n, 1/o, and 6 — 1 exceed a positive constant.

o Jul = [Jully = 00 fual, ([l = [fullz = (S0 [uil®)7, and [ulmax = |[ul|oo = max{Z) [u;]
denote the 1-, 2-, and oo-norm, respectively, of a polynomial u(x) = g;& w;z’ and its coeffi-
cient vector?] u = (u;)?7}, and then (see [42, Eqs. (2.2.5)-(2.2.7)])

[luflee < [[ullz < [Jully < v/ [[ull2 < gfluffe. (10.2)
e ri(c,t) = |y1 —¢f,...,rq(c,t) = |lyqg — ¢| in non-increasing order are the d root radii, that is,
the distances from a complex center ¢ to the roots y1, ..., yq of a dth degree polynomial ().

Write r?(c, t) == (rj(c, )", rj(c) :==r(c,p).

e Differentiate factorization (1) of p(x) to express NIR(z) as follows:

, d
NIR(z) = 23 _ 3 ! (10.3)

ple)  H -z

2"Here and hereafter v denotes a column vector, while vZ denotes its transpose.
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e Taylor’s shift, or translation, of the variable x — y := x — ¢ and its scaling x — px combined
define following map:

r—cC

, D(c,p) — D(0,1), and p(z) — t(x) = p(m ; C), (10.4)

X —

which maps the zeros z; of p(x) into the zeros y; = (y), for j =1,...,d, and preserves

the index and the isolation of the disc D(c, p).

Definition 10.1. For p(z) of (I1), o > 1, and integers ¢ and m such that 1 < ¢ < m < d and
#(D(0,1)) < m, a o-soft (-test, or just (-test for short (1-test being e/i test), either outputs 1
and stops if it detects that rq_yi1 < o, that is, #(D(0,0)) > ¢, or outputs 0 and stops if it detects
that rq_gy1 > 1, that is@ #(D(0,1)) < £. L-test applied to the polynomial t(y) of (I04) is said to
be (-test for the disc D(c, p) and/or the circle C(c, p) and also {-test,, 29

10.2 Reverse polynomial

Define the reverse polynomial of p(x),

d d
1 .
Prev(z) = wdp(;) = pir", prev(x H (zv - f> if po # 0, (10.5)
i=0 j=1
and immediately observe its following properties.
Theorem 10.1. (i) The roots of prev(x) are the reciprocals of the roots of p(x), and hence
75(0,0)r441—5(0, prev) =1 for j =1,...,d. (10.6)

(ii) The unit circle C(0,1) has the same isolation for p(x) and prey(x).

-1 (1
(i) pley () = d* 1p(;) w2 (2 )forx#O Pa = Prev0), Pact = Prey(0).

(IV) prev(x) — % _ NIR , ?é 0 NIR( ) - — Z] 1Z]

Dlev(T) {E2

The first equation of (I0.5) and claims (ii
its derivative, and NIRpyey () through p(L
include the following theorem.

i) and ( ) above express the reverse polynomial pyey (2),
'(), and NIR(2). For the sake of completeness we

) P

Theorem 10.2. For p(z) of (1) and R > 1 it holds that

p(R) ‘ 1
“pd < ) 10.
Rd < o1 max|pl, (10.7)
Rp'(R) — dp(R) 1
‘ Ri-1 — Dd— 1‘ < —10121a<xd| Dil- (10.8)

281t is possible that 1 < rq_¢41 < o, but as soon as an /-test verifies any of these lower and upper bounds it stops
without checking whether the other bound also holds.
2We will only use £-tests for £ = 1 (which are e/i tests) and £ = m
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Proof. To prove bound (I0.7) notice that

d—1 1 d—1
—pa=y pR™= = > piRT
1=0 1=0

and so
d—1

1
Z PR < sl 3 R < o

20l

Likewise, to prove bound (I0.8]) notice that

d—1
Rp'(R) — dp(R) — dR'pg_y = > ip R,
=1
Hence e
Rp'(R) — dp(R) 1 - a1
Rd_l _pd—l—ﬁga R
and so
Rp'(R) — dp(R) i
= —pa-1| < max IpzZR d<—10n<1?<xd| pil-

10.3 Root-squaring and root-lifting

The DLG root-squaring iterations of Dandelin 1826, Lobachevsky 1834 and Gréffe 1837 (see [45]

741, [100] for the history) compute polynomials pyi(x) := H;l (= z ), for i =0,1,..., as follows:

po(x) = ]%, poit1(z?) == (—1)dp2i(x)p2i(—x), 1=0,1,... (10.9)

The known studies of DLG iterations always focus and stumble on numerically unstable computation
of the coefficients of the polynomials p;(z) [74, 100], but we only compute their values bypassing
those problem.

h-lifting of roots generalizes DLG iterations (cf. (L3])):

h—1 d .
= Hpo(CZx) H " — z = exp <%>, (10.10)
9=0 j=1

for h =1,2,..., po(x) of (I0.9)), and tyx (z) = pi(x) for all k. We can fix 6 > 0 and an integer h > 0,
compute py(y) for y = x and y = = — 0, define the ratios NR,, (z) := ﬁzgg and NIR,, (z) := ihgg,
and approximate them (at HLA cost 2h) as follows (cf. (I]IED))@

1 (@) —pa(z—0)  pp(y)
NRy, (z) pr(x)d ph(x)
30The paper [43] explores direct root-squaring of NIR for a black box polynomial for x # 0: NIRy, ,,(z) =

5= (NIR,,, (VENIR,, (—/@), h=0,1,....

NIR,, (z) = (10.11)
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Remark 10.1. Let h = 2%. The set of 28-th roots of unity contains the sets of 2'-th roots of unity
fori=0,1,...,k — 1, and one can recursively approzimate the ratios NRy, (x) and/or NIR,, ()
for h replaced by 2° in ({I010) and (I011) and for i = 0,1,... One would stop at i < k if an
approximation is close enough.

Observation 10.1. (i) Root-lifting preserves the index #(D(0,1)) of the unit disc. (i) h-lifting
(achieved with root-squaring for h = 2% and integer k) maps isolation i(D(0,1)) of the unit disc
D(0,1), its softness o(D(0,1)), its rigidity n(D(0,1)), and root radii r;(0,p) for all j to their h-th
powers.

10.4 The distance to a closest zero of p and fast inclusion tests

We can extend our study of this subsection to estimation of the distance to the farthest zero z; of
p by applying this study to the reverse polynomial pyey.

For bounding ry and 7 in terms of the coefficients of p, see [f0, Sec. 1.10]; in particular,
rq < d|po/pa|"¢ and py = p(0) for any polynomial p(z).

Since pg = 1 for p(x) = det(M), we can estimate r4 from above for p(x) = det(M) at HLA cost
1.

Next we estimate r4(c) for a black box polynomial p where py is not known. For a complex
¢ and positive integers j and h combine Eqn. (I0.3]), Observation [[0.I] and triangle inequality to
obtain

rq(c) < d |[NR(c)], (10.12)
r?(O,p) =7;(0,p) and 7;(c) < |c| +7;(0). (10.13)
The roots lying far from a point c little affect NIR(c), and we extend bounds (I0.12]) as follows.
Theorem 10.3. If #(D(c,1)) = #(D(c,8)) =m for 6 > 1, then
INIR(0)| — G711 < 775
Proof. We can assume that |z;| > 6 if and only if j > m and then deduce from Eqn. (I0.3) that
d d—
‘NIR(C)‘ < Z;nzl ! + zjzm—l—l |c—1zj| < r;?c) + 0—7711' =

le—2z;]

Certify inclusion into the disc D(0,0) if pg(0,pp) < 0", ¢ > 1 and h > 0; this test is very poor
for worst case polynomials p:

Theorem 10.4. The ratio [NR(0)| is infinite for p(x) = 2% — u? and u # 0, while

T’d(C,p) = Tl(C,p) = |U|
Proof. Notice that p'(0) = 0 # p(0) = —u?, p(z) = H?;é(az - u(é) for (4 of (L3). O

Clearly, the problem persists for the root radius r4(w) where p’(w) vanishes; rotation of the
variable p(z) + t(z) = p(ax) for |a| = 1 does not fix it, but the bound 74 < |po/ps|*/* and shifts
p(x) < t(z) = p(x — ¢) for ¢ # 0 should fix it.

Furthermore, ﬁ(c) < INIR(¢)| = é‘ 2?21 ﬁ
the root radius r4(c,p) is poor if and only if severe cancellation occurs in the summation of the d
roots.

Formal probabilistic estimation is hard, but intuitively such a cancellation only occurs for a very
narrow class of polynomials p. If so, the above non-costly test certifies inclusion for a very large
class of polynomials p.

More than 25% of all e/i tests in a subdivision process, however, output exclusion:

by virtue of (I0.3), and so the approximation to
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Theorem 10.5. Let o; suspect squares enter the i-th subdivision step for i = 1,...,t + 1. Let it
stop at f; of them, discard d; and further subdivide o; — d; — f; of them. Write 01 := 4, o441 := 0,
Si=3t 0, D:=%"_di, and F:=3"_| f;. Then 32 =4(D+F —1) and D > % /4.

Proof. Notice that o;41 = 4(0; — d; — f;) for i = 1,2,...,t + 1, sum these equations for all 4,
substitute 01 = 4 and o1 = 0, and obtain 3X 44 > 4D + 4F. Represent subdivision process by
a tree with F' < m leaves and other nodes representing components made up of suspect squares, to
obtain pessimistic lower bounds ¥ + 1 > 2m > 2F and hence D > ¥/4 4+ 1/2. O

11 Our e/i tests

11.1 Overview

Map (I0.4) reduces any e/i test to the test for the unit disc D = D(0,1) where #(D) < m for a
fixed m, 1 <m <d.
Now recall from [1] that

#(D) = —— (NIR) (x) dx, (11.1)
2mi C(0,1)

that is, #(D) is the average of NIR(z) = ’;((;)) on the unit circle C(0,1).

Our Alg. of Sec. [[1.4] evaluates NIR(z) at ¢ fixed equally space points of the unit circle
C(0,1), and by virtue of Thm. of Sec. [T 4] the integer #(D) is exceeded by 1 and hence equal
0 if [NIR(z)| < 2—\1@ at ¢ > d equally space points of C'(0,1). This certifies exclusion at HLA cost ¢
for any ¢ > d.

Moreover, Alg. 1.3 of Sec. modifies Alg. to certify exclusion for a disc with m roots
at HLA cost ¢ for any ¢ > m if [NIR(x)| < ﬁ.

The following example shows that we cannot certify exclusion by applying these algorithms for
g =m — 1, in particular for g =d — 1 if m = d.

Example 11.1. Let ¢ = m — 1, p(z) = (1 — uzd"™)(a™ — dx + u), u ~ 0 but u # 0. First let
m =d. Then p(x) = (1 —u)(@™ — dz +u), vy = 0 for vy of (IL12) and g =0,1,...,q— 1, while
p(y) =0 for some y = 0, and Algs. [[1.2 and [I1.3 wrongly certify exclusion in this case.

This example loses its power if we evaluate NIR(x) at ¢ random rather than fixed points on
the circle C'(0,1), and this leads us to Conjecture 1 that such an extension of Alg. certifies
exclusion with a high probability (whp) for ¢ = o(m), but the example of the polynomials p(x) =
(:”Til)d, pointed out to us by Oren Bassik of the Graduate Center of CUNY, shows some difficulty
with proving Conjecture 1.

In view of bound (II.I)) we can see, however, that such counter-examples occur with a lower
probability (wlp) in the space of all polynomials of degree d. This leads us to Conjecture 2 that
Conjecture 1 holds whp under a proper randomization model in the space of polynomials of degree
d.

Congecture 2 has strong empirical support because in extensive experiments in [51], [54] a variant
of Alg. has never failed for ¢ of order log?(d).

The customary model of polynomials with random coefficients, however, is not of much use here,
because we must apply e/i tests to the discs D(c, p) for various pairs of ¢ and p, while map (10.4])
destroys all customary probability distributions in the space of the coefficients of p.

With some sweat we have finally succeeded in proving Conjecture 2 under the following model:
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Random Root Model: the zeros of p are independent identically distributed (iid) random
variables, sampled under the uniform probability distribution on the disc D(0, R) for a sufficiently
large positive R.

By virtue of Remark [[T.1] of Sec. [1.3] we yield Las Vegas randomization, that is, verify correct-
ness of the output at a dominated computational cost.

This, however, is not the full story of devising our e/i test yet. Namely, we certify exclusion at
a low cost under the above upper bounds on |NIR(x)|, but if |[NIR(x)| is not small, we need further
study to certify o-soft inclusion for o < /2.

That study exploits root-lifting: by virtue of claim (i) of Observation [[01], #(D) for polynomials
pp(z) is invariant in h, and we apply our e/i tests to the polynomial p,(x) for a sufficiently large
integer h of order log(d).

If INIR,, ()] is small, we can certify exclusion for the polynomial pj(x) and hence, by virtue of
claim (i) of Observation [[0.1] for the polynomial p(x) as well. Unless the value [NIR(z)| is small,
Thm. 03] implies that #(D(0,0)) > 0 for o = (%)1/2h, exceeded by 1.2, say, for sufficiently large
integers h of order log(d).

11.2 A randomized e/i test: an algorithm

Next we perform an e/i test where we evaluate NIRy, (z) at a single random point z; € C(0,1)
and then prove success whp under the Random Root Model. Surely, we can further increase the
probability of success by reapplying the algorithm at new iid random points sampled from the unit
circle C'(0,1).

Algorithm 11.1. A randomized e/i test B

INPUT: a polynomial p(x) of a degree d, a real o > 1 and a positive integer h, both to be specified
in the next subsection, a complex ¢, and a positive p such that |c| + p < R for R of the Random
Root Model.

COMPUTATIONS: (i) Sample a random value x1 under the uniform probability distribution on
the unit circle C(0,1), (i) Compute the value

t/h(ajl
th(z1

;‘ (11.2)

(iii) Stop and certify o-soft inclusion, that is, #(D(0,0)) > 0, if 1 +d/v; < o". Otherwise, stop
and claim exclusion, that is, #(D(0,1)) = 0.

v = NIRth(JEl) = ‘

Observation 11.1. At HLA cost hq Alg. [11 samples the values of q iid random variables before
1t stops.

11.3 A randomized e/i test: analysis under the Random Root Model

Eqn. (I03]) implies that map (I0.4]) only scales NIR by p.
Next we estimate the probability under the Random Root Model that the algorithm wrongly

outputs exclusion, in which case #(D(0,1)) > 0, that is, z; € D(c,p) for some j in the range
1<j<d

31Before applying computations below, one may first approximate NIR(0) based on (I0II]) and then output inclu-
sion if the approximation exceeds d.
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Theorem 11.1. Under the Random Root Model, Alg. I11] is correct with a probability at least
1 — P, where

P’ , o 1 8d
P < ’ydﬁ for v := max{av) ,m}, V= (11.3)
and o and o of our choice. In particular
P < 6p*/R? (11.4)
for any fixed positive § if
(o —1)2 > d/ and o" — 1 > 8d%a/s, (11.5)

which can be ensured for h of order log(d/d) if, say, o = 1.2.

Proof. Bounds (I0.12) and (IQI3) imply that ry(zq,ty) < d/vy for rq(0,t,) < 14 rg(z,tp) for
lz1] = 1. Hence r4(0,t3) < 1+ d/v; < oP if Alg. M1 claims o-inclusion. Then claim (iii) of
Observation [[0.1] implies that 74(0) < o, and so Alg. [[1.1] outputs o-soft inclusion correctly.

So Alg. [I11] can be incorrect only where it outputs exclusion for a disc D(c, p) containing a
zero of p.

Let this zero be z1, say. Then fix the values of the random variables zy, ..., z4 and z; € C(0,1)
and let v denote the area (Lebesgue’s measure) of the set S of the values of the variable z; for which

d

v = \NIRth(azl)\ < O'h — 1. (11.6)
Then Alg. [TT applied to the disc D(c, p) is incorrect with a probability at most
d
_ (11.7)

mR?

where the factor of d enables us to cover the cases where the value of any of the d iid random
variables z1, ..., z4, and not necessarily z1, lies in the disc D(c, p).

Fix a value 2’ € S lying at the maximal distance from ¢, let z denote another value in S, write
Y= (%)h, y = (%)h, and A :=y' — y, and notice that max{|y|, |y|'} <1 because z1 € D(c,p)
by assumption, and in particular z, 2" € D(c, p).

Furthermore, write NIR and NIR' to denote the values NIRy, (z1) for z; = z and 2z = 2,
respectively, and obtain from bounds (IL.6) that

max{|NIR|, [NIR'[} < —

oh —1’
and so
Ay, | < " for A;, := NIR’ — NIR. (11.8)
Now let y; := (ij_c)h, for j =1,...,d, denote the d zeros of t;(z) and deduce from (03] that
1 Lo
INIR :‘ +S‘ and |NIR/| :‘ ,+S‘ for S := (Z (
T -y T —y ey
Hence
1 Al

|
A, | = INIR — NIR| = ‘
1 —Y

R (1L9)

xy—y
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Recall that x1 € C(0,1), while y,3’ € D(0,1) by assumption, and so
max{|z1 —yl, [z1 — ¢} < 2.
Combine this inequality with (IL9) and deduce that
A, | = |A]/4.
Combine the latter bound with (IL8) and obtain

d
A =y —y| < v forv:= ahg—l'
that is,
z —c\h 8d
= D :=D(y,v) f = .
y ( P ) € (y',v) for v = ——

Now fix a reasonably large @ > 1 and separately consider two cases where either (i) |y/| < av
or (ii) |y'| > awv.

The distance |z — c| = |y|
case (i) it holds that

1/h ) reaches its maximum for z = 2/, y = ¢/, by assumption, and so in
2= < |2 —e| = |y/|"" < (aw)"p,

and then we can bound v of (ILT) as follows:
v < mlaw)?/hp?. (11.10)

In case (ii) the point y lies in one of the h components W1, ..., W}, output by the map W <+ DYh,
where each component is associated with one of the hth roots 3’.

Let y = 4/ +u be a point of the disc D, that is, let |u| < v, let (y)'/" and y'/" lie in the same
component W, and then obtain that

Vo= () =y = ()Y (1 - ufy)

where |u| < v and || > av. Hence |u/y'| < 1/a, and deduce from Taylor’s expansion of (1—1/a)/"
that |V] < % Hence |V| < -1+ because || < 1.

a—1
Now recall that Vp =2’ — ¢ — (2 — ¢) = 2/ — z and conclude that in case (ii)

I o< _P
7o < L
and then we can bound ~ of (IL7) as follows:
1
mp
< —.
ERCESE
Combine this bound with (IT.7) and (IL8) and obtain the following bound on the error proba-
bility: P < max{(av)?/", (a—11)2 }3%2 for v = Uffd_l, as we claimed. O

Corollary 11.1. Under Random Root Model one can solve Problem Imm at Las Vegas randomized
HLA cost in O(mblog(d/d)) with overall error probability at most 0 for any fixed positive 9.

Proof. Notice that the overall area of all suspect squares eliminated by subdivision iterations cannot
exceed the area R? of an initial suspect square of these iterations, while the areas of the covering
disc of any square exceeds the area of the square precisely by a factor of /2. O
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Remark 11.1. Root-finding with error detection and correction. A randomized root-finder
can lose some roots, although with a low probability, but we can detect such a loss at the end of
root-finding process, simply by observing that among the m roots lying in an input disc only m — w
tame roots have been closely approximated while w > 0 wild roots remain at large. Then we can
recursively apply the same or another root-finder until we approzimate all m mots

11.4 Basic deterministic e/i test

To simplify exposition, assume in this section that we compute rather than approximate the values
p'(x), NR,, (), and NIR,, (z) and that we have fixed a together imply that r4(0,p) < o. Otherwise
proceed as follows.

Algorithm 11.2. Basic deterministic e/i test.
INPUT: a polynomial p(x) of a degree d and o, 1 < o0 < /2.
INITIALIZATION: Fiz two integers q > d and h := [log,(1+2d\/q)], such that o™ < 1+2d,/3.
COMPUTATIONS: For g =0,1,...,q — 1 recursively compute

Vg 1= p%((g)‘ for g =0,1 and ¢ of (L3)) (11.11)
7 Ipn(¢) o

Stop and certify o-soft inclusion #(D(0,0)) > 0 if 1 + d/vy < o’ for an integer g < q. Otherwise
stop and certify exclusion, that is, #(D(0,1)) = 0.

Bounds (I0.12)) and (I0I3) imply that 74(¢7, pp) < d/vg for all g and r4(0,pp) < 1+ 14(¢9, pp) for
I¢| = 1. Hence 74(0,pp) < 1+ d/v, < oP if Alg. claims o-inclusion. Then n claim (iii) of
Observation [[01] implies that r4(0) < o, and so Alg. [I1.2 outputs o-soft inclusion correctly. Next
we prove that it also correctly claims exclusion.

Lemma 11.1. A polynomial p has no roots in the unit disc D(0,1) if [p(v)| > 2max,ep(o,1 |p'(w)]
for a complex v € C(0,1).

Proof. By virtue of Taylor-Lagrange’s theorem p(x) = p(v)+ (x—~)p'(w), for any pair of z € D(0,1)
and v € C(0,1) and for some w € D(0,1). Hence |z — | < 2, and so |p(z) > [p(y)| — 2 [p/(w)].
Therefore, |p(x)| > 0 for 7 satisfying the assumptions of the lemma and for any =z € D(0,1). O

Theorem 11.2. #(D(0,1)) = 0 for a black box polynomial p(z) of a degree d if

1 q-1
—>2\/qfor qg>d, v:= miloavg, and vy of (ILIIJ). (11.12)
v 9=

Proof. Bounds (ITII)) and (LLI2) together imply that [p’(¢7)|/v < [p(¢9)| for g =0,...,¢ — 1 and
hence 2\/§||(p'(Cg))g;(l]||oo < P for P := ||(p(C9))g;(1)||oo. Combine this bound with (I0.2)) to obtain

2/|(p'(¢) 24 ll2 < P. (11.13)

Pad the coefficient vector of the polynomial p’(z) with ¢ —d — 1 initial coordinates 0 to arrive at ¢-
dimensional vector p’. Then (p'(¢? ))g;(l) = Fp’ for the ¢ x ¢ matrix F := (% )Z;io of discrete Fourier

32We call a complex point ¢ a tame root for a fixed error tolerance e if it is covered by an isolated disc D(e,€).
Given such a disc D(c, p), we can readily compute #(D(c, p)) (cf. [99] 98] 51]).

33These observations are valid for any root-finder. In the case of subdivision root-finders we can detect the loss of
a root at a subdivision step as soon as we notice that at that step the indices of all suspect squares sum to less than
m.
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transform. Substitute Fp’ for (p’(Cg))g;(l) in ([LI3) and obtain 2||Fp’||s < P. Hence 2./4|Ip'||2 < P

because the matrix ﬁF is unitary (cf. [42, 89]). It follows (cf. (I0Z)) that 2|[p’|l; < P. Since
maXyep(o,1) Ip'(x)| < ||p’||l1, deduce that 2max,ep(o,1) Ip' ()] < P= H(p(Cg))g;(l)Hoo. Complete the
proof by combining this bound with Lemma [IT.11 O

Now, if Alg. IT.2loutputs exclusion, then 1+% > ol forg=0,1,...,q—1, where o > 1+2d,/q
according to initialization of Alg. Hence % > 2,/q, and so the assumptions of Thm.
hold for pp,(z) replacing p(z). Hence the theorem implies that the disc D(0,1) contains no zeros of
pr(z), but then it contains no zeros of p(z) as well (see Observation [I0.1] (iii)), and so exclusion is

correct.
Readily verify the following estimates for the HLA cost of Alg.

Theorem 11.3. Alg. [1.2 is a o-soft e/i test, certifying inclusion at the HLA cost 2hj or exclusion
at HLA cost 2hq for integers q > d, j, such that1 < j < q, and h := [log,(1+2d,/q)], h = O(log(d))
if o — 1 exceeds a positive constant.

11.5 A modified deterministic e/i test

Consider Problem 1bb,, in a f-isolated disc D where 6 is large. Then equation (I0.4]) implies
that the impact of the d — m external zeros of p on the values of NIR(x) for € D is negligible
for sufficiently large values 0, and then we can safely modify Alg. to let it evaluate NIR at
q = m+1 rather than d+ 1 points and still to obtain correct output. It turns out that we can ensure
this by choosing 6 sufficiently large even where log(%) = O(log(d)). Next we supply quantitative
estimates.

Algorithm 11.3. A modified deterministic e/i test.
INPUT: a black boz polynomial p(x) of a degree d, two integers m and q > m, and real o and
0 > 1 such that 1 < o < /2,

|zj| <1 for j <m, |z| >0 for j >m,

d— 1
Hh——ni < m for h := [log, (1 + 6m,/q)] such that ¢ > 1+ 6m./q.
COMPUTATIONS: Recursively compute the values vy of (I111) for g =0,1,...,q—1. Certify
o-soft inclusion, that is, #(D(0,0)) > 0, if vy > ﬁ for some integer g < q. Otherwise certify

exclusion, that is, #(D(0,1)) = 0.

d—m < 1

Thm. 03] for p, replacing p, and the assumed bound 7775 < 5/

together imply

-.m ,_d-m_ 1
ra(Co,pp) — 7 0h—17"7 64

Alg. [[T3] claims inclusion if vy > 3—\1/6 for some g, but then

for all g.

m 1

>
Td(Cgv ph) N 6\/6

5 T‘d(Cg,ph) < 6m\/§7

and hence
r4(0,pp) <1+ 6my/q <o for |¢] = 1.

Now Observation [[0.]] (iii) implies that Alg. claims inclusion correctly.
Next prove that it also claims exclusion correctly.
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Theorem 11.4. Let a polynomial p(z) of a degree d have exactly m roots in the disc D(0,6) for
0" > 14 6(d —m)\/q, h:= [log,(1 + 6my/q)], and an integer ¢ > m

and let v < 3—\1/5 for v of (IT.13). Then #(D(0,1)) = 0.

Proof. Let p(x) and its factor f(x) of degree m share the sets of their zeros in D(0,6). Then (I0.3)

(= —1 | £1(¢9) dm
< ‘Iz))((m)) gzo f(Cc‘;’l) < v+ =1 Recall that

implies that ‘];((;)) + Cé__T for || = 1, and so max

C(S_TT < 6+/§ and v < 3+/§ by assumptions.
1(r9
Combine these bounds to obtain maxg;é J;((gg)) < 2%/5. To complete the proof, apply Thm.
q
IT.2l for f(x) replacing p(x) and for m replacing d. O

Readily extend Thm. [1.3] to Alg. 1.3l by decreasing its bounds on ¢ and h provided that
#(D(0,0)) =m for § > 1+ 6(d —m),/q.

Theorem 11.5. Suppose that ¢ > m := #(D(0,6)), o" > 1 + 6m./q, 0 > 1+ 6(d —m),/q, and
h := [log, (14 6m,/q)], so that h = O(log(m)) if 0 — 1 exceeds a positive constant. Then Alg. [I1.3
is a o-soft e/i test: it certifies either inclusion or exclusion at HLA cost 2hq or 2hj, respectively,
where 1 < j <gq.

12 Reduction of m-test to e/i tests

We reduce m-test to e/i tests motivated by application in Part III, where the tests are applied to
an isolated disc. Our next simple algorithm in Sec. [[2.1] achieves this goal, but in Sec. [[2.2] we also
present a little more involved reduction algorithm that can be applied to any disc.

12.1 Simple reduction to a single e/i test in case of an isolated disc

Clearly, we can immediately reduce the d-test in the unit disc D(0,1) for p(x) to performing 1-test
in that disc for the reverse polynomial pyey(x) of (I03]).

Let us next reduce an m-test 0 < m < d to a single application of 1-test provided that an input
disc D with m roots is #-isolated for 6 of order log(d); we can ensure that provision by applying
root-lifting or root-squaring, in both cases at HLA cost O(log(d)) if an initial disc is just isolated.
For an alternative extension, reproduced from earlier versions of [99], see our Appendix C.

Theorem 12.1. Let the root sets of two polynomials f(y) and g(y) of degrees m and d — m,
respectively, lie outside the disc D(0,1) and in the disc D(0,1/0), respectively, for a sufficiently
large real 8. Then

NIRf(z) = NIR,4(2) — d—Tm + A for |z] =1 and |A] < cé— m
Proof. Notice that ﬁ —% = (Z_y;j)z, recall that |y;| < % for > 1 and all d—m roots y1,...,Yq—m
of g(y) by assumption, and deduce that
1 1 1
‘Z_yj—;‘ge_lfor\z[zlandjzl,...,d—m. (12.1)

By applying (I0.3) obtain that NIRf4(2) — NIR¢(2) = S4m L Substitute bounds (IZ1). O

=1 z—y;
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Next fix an integer g > m, represent prey(y) as the product f(y)g(y) for polynomials f(y) and
g(y) of Thm. IZT] and approximate NIRf(z) by NIR4(2) — d_7m forz=¢%and ¢g=0,1,...,¢—1.
Thm. [2.1] bounds the approximation error by C(S_TT-

Now define Alg. rev by applying Alg. to the factor f(y) of prev(y), replacing NIR(z)
by the approximation NIR;,(z) — 4= of NIR;(z) within A, and replacing bound (ILIZ) by

V= &a} INIR ;4(¢?) — (d — m)C 9. (12.2)
paa

We can ensure that Vy < 2\/6’ say, by requiring that max |NIng(C9)| < 7 and d Tt < 4_\1/6'
Unless the latter bound is satisfied for a fixed ¢ > m, we can ensure it at NR-cost O(log(d) itg—1
exceeds a positive constant: we can ensure this by applying root-lifting or root-squaring.

12.2 m-test via e/i tests for any disc

Our next alternative reduction of m-test for 1 < m < d to to a bounded number of e/i tests can be
applied for any disc, not necessarily isolated. If at least one of the e/i tests fails, then definitely there
is a root in a narrow annulus about the boundary circle of an input disc, and hence the internal
disc of the annulus would not contain m roots. Otherwise we would obtain a root-free concentric
annulus about the boundary circle of an input disc and then reduce m-test to root-counting in an
isolated disc (see, e.g., claim (i) of Thm. [3.2)).

Algorithm 12.1. Reduction of m-test to e/i tests.

INPUT: a polynomial p(x) of a degree d, two values § > 1 and & > 1, an integer m such
that 1 < m < d and #(D(0,5)) < m, and two algorithms ALG 0 and ALG 1, which a black box
polynomial perform &-soft e/i test for in any disc and root-counting in an isolated disc, respectively.

INITIALIZATION (see Fig. 5): Fix a positive p and compute the integer

= [27/¢] (12.3)

where ¢ is the angle defined by an arc of C(0,1) with end points at the distance p. Then compute
the values

c;j =exp(¢;i), 7=0,1,... 0, (12.4)
such that |c; —cj—1| = p for j =1,2,...,v and ¢p; — pj_1 = ¢.

OUTPUT: FEither an upper bound rq_myi1 <1 — p@ or one of the two lower bounds rq_mi1 >
1—6p or rgeme1 > 1+ (V3 —1)p.

COMPUTATIONS: Apply the algorithm ALG 0 (soft e/i test) to the discs D(cj,p) for j =
0,1,...,v. (a) Stop and certify that r4_1 > 1 — ap, that is, #(D(0,1 — ap)) < m for the open
disc (D(0,1 — ap), unless the algorithm ALG 0 outputs exclusion in all its v + 1 applications.

(b) If it outputs exclusion v + 1 times, then apply the algorithm ALG 1 (root-counter) to the
0-isolated disc D(0,1) for

§ := min {1 +(V3—1)p (12.5)

1
’1—0.5p\/§}'

Let 50 = #(D(0,1)) denotes its output mteger Then conclude that
(1) Ta—m+1 gl—pg, and so #(D(0, 1—,0 £3)) =m if 3o = m, while
(13) Tg—ms1 > 14+(V/3—1)p, and so #(D(0,1+(v/3—1)p)) < m for the open disc D(0,1+(v/3—1)p)

if 50 < m.
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Figure 5: v =9, |¢; — ¢j—1| = p > |eg — ¢o| for j =1,2,...,9.

Figure 6: |c1 — co| = |co — 2| = |e1 — 2| = |co — 2| = |e1 — 2| = p.

To prove correctness of Alg. [[2.1] we need the following result.

Theorem 12.2. For the above values cg, . . ., ¢y, and p, the domain U;-’;(%D(cj, p) covers the annulus

A(0,1—0.50v3,1+ (V3 —1)p).

Proof. Let ¢j_; and ¢; be the centers of two neighboring circles C(cj_1, p) and C(c;, p), let z; and
z; be their intersection points such that |z;| = [2}] — |z; — 2} for j = 1,2,...,v, observe that the
values |z; — 27|, 2], |2}], and |ej—1 — ¢;| are invariant in j, and hence so is the annulus A(0, |z, |2}])
of width |z; — z}| as well; notice that it lies in the domain U;’;éD(cj, p).

Let us prove that |z; — zé] = pV/3 for j =1, and hence also for j =2,...,v.

Write z := 21 and 2’ := 2] and observe (see Fig. 6) that |c; —co| = [co—z| = |e1 — 2| = |eo— 2| =
ley — 2’| = p, and so the points ¢g, ¢1, and z are the vertices of an equilateral triangle with a side
length p. Hence |z — 2’| = pv/3. The circle C(c;, p) intersects the line segment [2;, z;] at a point y;
such that |y; — z;| > pv/3/2 and |y; — z;| > (v/3—1)p for p < 1, and this implies the theorem if
lcy — co| = p. If, however, |c, — ¢o| < p and if C(cg, p) N C(cy, p) = {Z,z}, then |z — Z'| > |2z — 2|,
and the theorem follows in this case as well. O
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Corollary 12.1. The disc D(0,1) is 0-isolated for 6 of (I21) provided that the discs D(c;,p)
contain no roots for j =0,1,...,v.

Correctness of Alg. 121l (i) If the algorithm ALG 1 outputs inclusion in at least one of its
applications, then one of the discs D(c;,p) contains a root, and then Alg. I2.1] correctly reports
that rg_m+1 > 1 —0op.

(ii) Otherwise Cor. [2I1holds, and then correctness of Alg. [[21]follows from correctness of ALG 1.
Softness is at most 1%@, W, and 1+ (v/3 —1)p in cases (a), (b,i), and (b,ii), respectively.
Computational complexity. Alg. [2.1] invokes the algorithm AILG 0 at most v + 1 times for v of

([I23). If ALG 0 outputs exclusion v + 1 times, then the algorithm ALG 1 is invoked.

Remark 12.1. One can modify Alg. 121 as follows (see [5])]): instead of fizing a positive p and
then computing v of (I2.3) fix an integer v > 0, apply the algorithm ALG 0 at v equally spaced
points ¢; = exp(%ﬂi), 7=0,1,...,0—1, let ¢ = 27“, and then define p. We also arrive at this
algorithm if we compute or gquess this value p and then apply Alg. I21), but notice that ¢, = co for
¢ of (I127)) and only invoke the algorithm ALG 0 for cg, ..., cy—1.

13 Precision of computing

The arithmetic time A of our root-finders is roughly the product of their HLA cost and ops count
for the evaluation of p(z) (cf. (IQI)). Their Boolean cost is O(Au(s)) = O(As) for precision s of
their computations and u(s) = O(slog(s) log(log(s))).

Next we deduce the same precision bound O(log(d)) as in [68], even though instead of Unlimited
Access Assumption of [68] that we have cost-free access to the values of p(x) computed with no errors
by a black box oracle, we adopt Assumption 0 of Limited Access to them within a relative error
bound in 1/d” for any fixed constant v > 0 of our choice. Moreover, we strengthen the analysis of
[68] by allowing computations with rounding errors, estimating their impact, and bounding precision
required for representation of p(x). We handle these tasks by sampling = randomly, excluding output
errors whp, and detecting and correcting them at a dominated cost (see Remark [IT.1).

In our e/i tests we only need to compare the values [NIRy, ()| at some complex points = with
some fixed values vy > 1/d? for a constant § > 0, and next we estimate that under Assumption 0
we can do this by performing our computations with a precision of O(log(d)) bits.

Multiplication with a precision s contributes a relative error at most 2° (cf. [20, Eqn. A.3 of
Ch. 3]) and otherwise just sums the relative error bounds of the factors if we ignore the impact of
higher order errors. Hence we deduce that h = O(log(d)) multiplications of h-lifting increase these
bounds at most by a factor of h, which is immaterial for h = O(log(d)) since we allow relative errors
of order 1/d” for a constant v > 0 of our choice.

We only need to apply this analysis to approximation of NIR(x) for pj(z) based on expression
(I0I). The analysis is certified under the following Assumption 1 (Isolation Assumption): all ¢
evaluation points (9 of an e/i test lie at least at the distance ¢ := nf—;rw from all zeros of p for any
fixed w > 1 of our choice. We justify using this assumption by applying our e/i tests under random
rotation ¢9 +— v(9 for the random variable v specified in our next theorem. Remark [IT.1] implies
that this is Las Vegas randomization.

Theorem 13.1. Let ¢, := min;l:1 [v¢9 — z;| and let ¢ = ming;(l] ¢4 for the zeros zj of p, ¢ of
(Z-3) and random variable v sampled from a fized arc of the circle C(0,1) of length 2m/q under the
uniform probability distribution on that arc. Let i(D(0,1)) = m. Then ¢ < m2—;rw for w > 1 with a
probability at most 7.
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Proof. Let 1; denote the length of the arc C(O 1) N D(z;, mqw) j=1,2,...,d. Then ¢; = 0 for at

and so ¢4 < 21 for

least d — m integers j, and ma}(j:1 ¢] < —w for sure. Hence ijl P < T

2
< qw
a fixed g with a probability at most & . Therefore, ¢ < ’Tw with a probability at most 7-, as we

claimed. O

Next we prove that precision of O(log(d)) bits supports our e/i tests under Assumptions 0 and
1 by applying Thm. I3 for sufficiently large w = d°). We will (i) prove that [NIR(z)| = d°M),
(ii) approximate this value within d”§ for any fixed constant v and for ¢ of (I0.]) chosen such that
log(%) = O(log(d)), and (iii) estimate that such a bound withstands the impact of rounding errors
of computations for (I0.1). Eqn. (I0.3) immediately implies

Theorem 13.2. Under Assumption 1, maxj_, [NIR(CY)| < d" for n = O(1).

Corollary 13.1. A precision of [(n + ) logy(d)| bits is sufficient to represent NIR(x) within d%
forg=1,2,...,q

Instead of NIR(z) = (( )) for z € C(0,1) we actually approximate % where |y — 2| < § and

t'(y) is equal to the divided difference of (I0.I). Thus we shall increase the above error bound by
adding upper bounds « on |& — t(—w| and S on the rounding error of computing W, for
r=C%and g=1,2,.

In the proof of the next theorem we use the following lemma, which is [68, Fact 3.5].

Lemma 13.1. For t(z) =[], (x — yj) and a non-negative integer j < d it holds that

7=1
t(] — ]' t
Dol
SJ d ]ESJ d
where the summation Zsj , s over all subsets Sjq of the set {1,...,d} having cardinality j.

Theorem 13.3. Under the a,ssumptz'ons of Thm. [132 it holds that
[t(w)a] = [HE=E=) — ¢(a)]| < |t(2) 5] for &' =

Proof. The claimed bound on |¢’| follows from (IEE{I) It remains to apply the first five lines of the
proof of [68, Lemma 3.6] with f, , n, and £ replaced by ¢, —0, d,and w, respectively. Namely, first
obtain from Taylor’s expansion that t(z) — t(z — ) = > 22, %t(j)(a:) — t(x).

Substitute the expressions of Lemma [[3.1] and obtain

t(z) —t(x — 0) = 6t'(x +Z§Jt Z H—

gd ]eSgd

Combine this equation with the assumed bounds on | L and deduce that

z—y;]

t(m)—t(m—é)_ ‘S‘f_i w]d]‘<‘f (dw)? 6

1) 1—5dw
j=2

O

Corollary 13.2. We can ensure that o < 1/d" for any fized constant j by choosing & of order oM,
represented with a precision of O(log(d)) bits.
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Theorem 13.4. Suppose that the values t(y) have been computed by a black box oracle within a
relative error bounds V(y) fory = x, y = x — 0, and 6 of Cor. I3 2 Then one can ensure that
B < % for any fized constant i by choosing a proper V(y) of order 1/d°W), represented with a
precision of O(log(d)) bits.

Proof. Write
B8 = Wz=0)(1+V(z=95)) _ txz=d) _ tz=d) V(z)-V(z-9J)
t(z)(14+V(x)) t(x) t(z) 1+V(z)
Taylor-Lagrange’s formula implies that
t(tm(;)‘g) =1+ 715(95—;?) @ — 1+ (5t((x)) for u € [x — ¢, x].

Hence |t(f )6)| <14 |6a/|+ |tt((; | for of = _ v (L;)(;;(x).
By extending Cor. [I32 obtain |o/| < ﬁ and as in Cor. [31] deduce from ([{0.3) that
:r: 6 V(x V(z—46
| | = dO(l) Hence w := | | < dO(l) and |55| < |w|%
Now choose V(y) such that |V( )| < 2(|]‘1‘U| for y = x and y = x—3§. Then verify that log(| )|) =
el )

Combine Cors. [3.1] and and Thm. [I13.4] to obtain

Corollary 13.3. Given a black box (oracle) for the evaluation of a polynomial p(z) of a degree d
with a relative error of any order in 1/do(1), we can perform our black box subdivision root-finders
with a precision of O(log(d)) bits.

Remark 13.1. We derived our precision bound O(log(d)) based on operating entirely with NIR(x).
For comparison, if we relied on computing p(x) and on the bound min,, ‘w‘:1(|p($)|/2?:0 Ipi|) >
(%4)? of [120, Eqn. (9.4)], we would have only obtained a bound of order m?d on the computational
precision of our root-finders. For another comparison, by extending our study in Sec. 1.2 or in
83, 190] we can deduce lower bound of order bd* on the precision of root-finding within error bound
1/2% for any polynomial p of (I1) given with its coefficients, and we can decrease it to order bd if

the zeros of p are pairwise well separated.

14 Boolean cost of general polynomial root-finding

14.1 A basic result

Next we estimate the Boolean time of our root-finders applied to a general polynomial p of (L))
whose coefficients are given with a precision sufficient to support our root-finders. In this way we
give up potential acceleration of our root-finders for polynomials that can be evaluated fast, but we
still yield nearly optimal Boolean time estimates where g(m)m = O(d) for q(m) of Thm. [T

The Boolean complexity of our root-finders is defined by their HLA cost and computational
precision. We have already estimated HLA cost and in the previous section have reduce the precision
estimation to estimation for Boolean complexity of the evaluation of p with a relative error in 1/d”
for any constant v of our choice. Next we readily solve the latter problem based on [60, Thm.
3.9], which provides an estimate for the Boolean complexity of multipoint polynomial evaluation in
[37, [73] (see a historical account in [18] Sec. 4.5])

34Precision of computing, affecting the overhead constants hidden in the above estimates and supporting the
latter algorithm, grows fast as d increases; e.g., the IEEE standard double precision of the customary numerical
computations is not enough in these algorithms already for d > 50; for b = O(log(d)) one can fix this deficiency by
applying the Fast Multipole Method of Greengard and Rokhlin [44] 26] [92] [93] to the equivalent task of multiplication
of Vandermonde matrix by a vector.

48



Theorem 14.1. [60, Thm. 3.9]. Given a positive b, the coefficients of a polynomial t(x) :=
Z?:ot &t such that ||t(z)|, = 3L oltil £ 1, and g > d complex points x1,...,xq, in the unit disc
D(0,1), one can approzimate the values t(z1), ..., t(z,) within 1/2° by using O(u((dlog(d) + q)(b+

q))) Boolean operations for u(s) = O(slog(s))log(log(s))).
Proof. See [60, Alg. 5.3 and appendix A.3]. O

To cover also the case where ¢ < d, represent t(z) = Z?:o tj(z)x?e for h = [d/q] — 1 and
polynomials t;(z) of degrees at most ¢ sharing their coefficients with ¢(z) and evaluate at the
points x1,...,24 (i) the polynomials p;(x), (ii) the powers /¢ for j = 0,1,...,h, and finally (iii)

A :
t(x) = Xjgtj(x)2’?.

At stages (ii) and (iii) we only perform O(d) ops and increase precision of computing by O(log(d)

bits because max?:(] |zj| < 1. Hence overall Boolean cost of the evaluation of p(x) is dominated at

stage (i), where we apply h times Thm. [I4.1] for d replaced by m, and obtain the Boolean cost
bound O(u((b+ ¢q)dlog(q))), which extends Thm. [4.]to the case where ¢ < d.

14.2 Reduction of our root-finders to multipoint polynomial approximation

Given a complex ¢, a pair of positive b and p, and d+ 1 coefficients of a polynomial p = p(z) of (LI
such that the disc D(c, p) is isolated and contains precisely m zeros of p, we approximate all these
zeros within R/2° for R = |¢| + p by applying subdivision root-finding iterations with e/i tests of
Sec. [[Il Then every subdivision step is reduced to application of our e/i tests to m = O(m) discs
D(cy, py), where py > R/2% for all . Such a test amounts to approximation of p(x) at q equally
spaced points x on each circle C(cy, py).

In Thm. IZT] a polynomial ¢(x) with ||[t(z)||; < 1 is approximated at some points x € D(0,1).
To ensure the assumption about x, we scale the variable x +— Rx to map the discs D(cy, pro) —
D(éx, pa) € D(0,1), for &y = cA/R, px = pa/R >1/2° and all \.

Then we write t(z) := p(Rx)/1 for » = O(R?) such that ||t(x)||; = 1 and approximate t(x)
within 1/2° or equivalently within the relative error bound 1/(|¢(z)|2°) at ¢(1m) points z in m e/i tests
for q(m) of Thm. [ Due to Cor. 33 it is sufficient to ensure the bound 1/(|t(z)[2%) = 1/d°W);
we achieve this by choosing b > log(m) + O(log(d)).

In our e/i tests we only need to approximate t(x) at the points = lying on 6y-isolated circles

where Tl—l = O(m). Then log(|t( ) = O(dlog(m)) by virtue of the bound of [120, Eqn. (94)])
Substitute py > 1/2° and obtain b = log(m) + O(log(d)) = O(dlog(m) + b).

Remark 14.1. For m = d, the above bound on log(ﬁ) is sharp up to a constant factor and is

reached at the polynomial t(z) = (x+1—2)4/(2— L) p\ =1 and x = —1. For m < d, [120, Thm.
4.5] implies a little stronger bounds log( |t(:c)\) O(d—l—mlog( )) and hence b = O(mlog(m)+d+b)

because all discs D(Cy, py) lie in 0-isolated unit disc D(0,1) for 8 — 1 exceeding a positive constant.

14.3 Boolean cost of our e/i tests and root-finders

Now apply Thm. [ZTlwith q and b replaced by § = O(gm) and b = O(b+d+m log(m)), respectively,

and obtain that the Boolean complexity of our O(m) e/i tests at any fixed subdivision step is in
O(u(g(m)m + dlog(d))((g(m) + log(m))m + d +b))) for ¢(m) of Thm. L7

35That bound follows from the estimate | f| > 1/2¢ of [120, Thm. 4.2], which holds provided that t(z) = f [T~ (=~
xj)l_[?:m+1(zij = 1), |[t(z)|l =1, |zj] <1 for j <m,and |z;| > 1 for j > m.
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Hence our resulting root-finders run in overall Boolean time
Broots = O(u(g(m)m + dlog(d))((g(m) + log(m))m +d + b)b)),

which includes the time-complexity of the evaluation oracle.
Recall that p(s) = O(s) and obtain

Bioots = O((q(m)m + d)(g(m)m + d +b)b). (14.1)

We have deduced this bound for a general polynomial p(z) of (II]) represented with its coeffi-
cients. If p(x) can be evaluated fast, e.g., is a sum of a small number of shifted monomials, then
the root-finder is accelerated accordingly.

15 Computation of a disc covering all zeros of p(x)

15.1 Introductory comments

Next we compute a range [p_, p4] that brackets all root radii or, equivalently, compute an upper
estimate for the largest root radius r; and a low estimate for the smallest root radius r4 of p(x).

We can apply the estimates of Sec. [[0.4] to the reverse polynomial pyey () if its coefficients are
available, but next we study this problem for a black box polynomial. Its solution is required, e.g.,
in order to initialize algorithms for all d roots by means of subdivision or functional iterations (cf.
[14, 211, [128]).

Suppose that we have an algorithm that computes a disc D(0, p—) that contains no zeros of a
black box polynomial p(z); clearly, p— < r4. By applying this algorithm to the reverse polynomial
Prev(2) we will obtain the upper bound 1/p_ ;e on 77.

It remains to describe computation of the disc D(0, p—). Empirically we can do this by applying
the algorithms of [100, [43], but next we study formally some alternative algorithms.

To obtain a range [p_, p+] that brackets all root radii, we need upper estimate for the root radii
r1 and rg, but next we only estimate ry because we can extend them to r; by estimating r4 for
the reverse polynomial pyeyv(x). We obtain a low bound on ry4 by computing a disc that contains no
zeros of a black box polynomial p(z).

Hereafter let p(x) denote a black box polynomial.

15.2 Probabilistic solution

Seek a disc D(c, p) containing no zeros of p(x) in its interior, where we can choose any positive p .
Sample a random ¢ in the unit disc D(0,1) under the uniform probability distribution in D(0, 1).
The disc has area 7, while the union of the d discs D(xj,p), j = 1,2,...,d has area at most
wdp?. Therefore, ¢ lies in that union with a probability at most dp?, which we can decrease at will
by decreasing p. Unless ¢ lies in such a union, we obtain a desired disc D(c, p).
By applying our e/i tests of Secs. [[1.2]—[I1.5 to this disc, we can verify correctness of its choice.

15.3 Deterministic solution

We can deterministically compute a desired disc D(0, p—) at a higher cost, based on a soft e/i test.

Namely, apply 1-test to d + 1 triples of parameters ¢;, 6;, and p;, ¢ = 0,1,...,d such that the
discs D(c;, 0;p;) have no overlap pairwise. Then, clearly, at most d discs contain roots because p(z)
has only d zeros, and so definitely at least one of the disc contains no roots. Deterministic e/i of
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Figure 7: Five blue marked centers of suspect squares converge to a green-marked root cluster with
linear rate; two red marked Schroder’s iterates converge with quadratic rate.

Secs. 1.4l and run at HLA cost d + 1, and so we obtain a desired disc D at HLS cost at most
(d+1)2

PART III: Compression of a Disc and Acceleration of Subdivision
Iterations

16 Overview

The classical subdivision iterations converge to all zeros of a polynomial p with linear convergences
rate (see Sec. [[II]), but clearly this is very slow when they process a component C made up
of a single suspect square or up to four of them sharing a vertex. In such cases the algorithms of
[114] [88] dramatically accelerate convergence to superlinear rate by means of Newton’s or Schroder’s
iterations (see Fig. 7).

Alternatively one can split p(x) into the product of two factors with the zero sets in and outside
a disc covering the isolated component C (see Part V) and then apply a root-finder to each of
the two factors of p of smaller degrees. They, however, do not preserve sparsity of p(z) and may
have significantly larger coefficient length than p(z). (Consider, e.g., splitting p(z) = 2% 4+ 1 into
factors of degrees 300 and 700.) If one of the factors has smaller degree, then we can alternatively
approximate this factor f (see Part IV) and can avoid troubles with the other factor by operating
with it implicitly as the ratio p/f.

Next we propose and analyze a simple novel alternative based on compression of a disc covering
component C into nearly minimal disc that shares with that component its root set.

We organize our presentation in this part as follows. In the next section we

We will reuse the material of Sec. (Background) of Part II but otherwise will make our
presentation self-contained.
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17 Component tree and compact components

17.1 Component tree: definition

Break or partition the union of all suspect squares at a subdivision step into components; a step can
break some of them into more than one component. Represent all such partitions with a component
tree T. At most m components, said to be the leaves of the tree, can be covered by isolated discs
of radius at most ¢ for a fixed tolerance ¢ > 0. The other vertices are components-parents, each
broken by a subdivision step into at least two components-children. The initial suspect square is
the root of the tree T. The edges of the tree connect parents and children.

Observation 17.1. Having at most m leaves, the tree T has at most m — 1 other nodes. These
upper bounds are sharp — attained where a subdivision process defines the complete binary tree T
with m leaves.

17.2 [Edge length, non-adjacent suspect squares, and compact components

The edges of the tree T represent subdivision steps between partitions of components. Cor. [I7.1]
will bound the number of such steps — the edge length.

Call a pair of suspect squares non-adjacent if they share no vertices.

Call a component compact if it contains just a single non-adjacent suspect square, that is, consists
of at most four suspect squares sharing a vertex (see Fig. 8).

Observation 17.2. (See Fig. 2.) The o-covers of two non-adjacent suspect squares are separated
by at least the distance aAA for the side length /A and separation coefficient

a:=2—0V2>0forl<o<V2.

Lemma 17.1. Let |z, — z,| > oA, for a pair of roots zg and zp,, the softness o of e/i tests, and the
side length A of a suspect square, and let i > 0.5+ logy(m). Then in at most i subdivision steps the
roots x and y lie in distinct components.

Proof. Two roots z4 and zj, lying in the same component at the ith subdivision step are connected
by a chain of o-covers of at most m suspect squares, each having diameter oA /2%, Hence
moA
|2g — 21|
Substitute the bound |z, — 25| > 0 A and deduce that m < 20795 or equivalently i < 0.5+logy(m)

if the roots z, and zj, are connected by a chain of suspect squares, that is, lie in the same component.
This implies the lemma. O

2 — 21| < moA/2700 i < log, ( > +0.5.

Corollary 17.1. A component is broken in at most 14 0.5+ 1logy(m)| successive subdivision steps
unless it 1s compact.

17.3 Isolation of compact components

Observation 17.3. (i) A compact component is surrounded by a frame of discarded squares (see
Fig. 8) and hence is covered by a 2-isolated square. (ii) If it stays compact in h successive sub-
division steps, then its minimal covering square and disc become 2" -isolated and 2"\/2-isolated,
respectively.

Proof. Readily verify claim (i). Claim (ii) follows because a subdivision step can only thicken the
frame of discarded squares while decreasing at least by twice the diameter of any component that
stays compact. ]
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18 e-compression: algorithm and analysis

18.1 Compression algorithm: high level description

Recall that the classical subdivision iterations converge slowly where they successively process only
compact components (cf. Fig. 7), but then we accelerate subdivision process by interrupting it with
compression steps in at most three iterations.

Next we specify compression for a 3.5-isolated unit disc D = D(0,1) covering a component;
map (2.2)) extends compression to any 3.5-isolated disc D(c, p); the map pe — € adjusts the error
tolerance € to scaling by p.

Algorithm 18.1. e-compression (high level description).
INPUT: a positive € < 1 and a black box polynomial p(x) of a degree d such tha@

i(D(0,1)) > 3.5 and #(D(0,1)) > 1. (18.1)

OUTPUT: an integer m, a complex ¢, and a positive p' such that m = #(D(0,1)), (i)
X(D(d,p") = X(D(0,1)), and (ii) p' < € or 8|zg — z| > bp’ for a pair of roots zq, z, €
().

INITIALIZATION: Fiz § > 0 such that 86 < e < 1.

COMPUTATIONS: Compute m = #(D(0,1)), ¢, p' such that

| —c| <6 and p < p/ < max{e,p+ 26} (18.2)

for p:=rqg_mi1(c) and some c € CH(X(D(0,1))).

18.2 Correctness of compression algorithm

First prove correctness in a simple case where e =5 =0, ¢ = ¢, p' = p.

In this case ¢ = ¢ € CH(X(D(0,1))) € D(0,1), and so p' = p = rg+1-m(c’) < 2. Hence
D(d,p") € D(0,3).

Furthermore, #(D(c, p’)) = msince p’ = p := rqy1-m(c’), while #(D(0,1)) = m by assumption.

Now (I8 implies that #(D(0, 3)) = m, which supports claim (i) for the output of Alg. [I81]

Next let | — zg| = p := rg11-m(c) for a zero z,4 of p(x). Then all m roots in D(0, 1) also lie in
the disc D(c, p) = D(c, p) by virtue of claim (i), just proved.

Since ¢ = ¢ € CH(X(D(0,1)), however, there is a root, zp,, lying in D(c/, p’) but not in D(z,, p),
such that |zg — zp| > p > p' — 20 (cf. (I82)).

Hence |z, — 23| > 3p/ /4 (implying claim (ii) for the output of Alg. I8.T]) because 26 < ¢/4 < p'/4.

Next extend this correctness proof to the general case based on bounds (I8.2]).

Notice that ¢ € D(0,1 + 0) because ¢ € CH(X(D(0,1))) € D(0,1) and |¢ —¢| <.

Hence p = 74_m1(c’) <2446, and so p’ < p+20 < 2+36 (cf. (I82)) and D(¢, p’) C D(0, 3+49).

Therefore D(c/, p') C D(0,3.5) because 85 < e < 1 by assumption.

Now recall that #(D(0,3.5)) = #(D(0,1)) = m, while #(D(c,p)) > #(D(d,p)) = m for
p' > p and deduce claim (i) for the output of Alg. IS8Tl

Next wlog assume that ¢ =0, ¢ =4, and z; = ¢/ + p for a root z,.

36Newton’s and Schroder’s iterations of [114] [88] accelerate convergence of subdivision iterations to a root cluster
in a disc if the disc is 5d*-isolated, while (I8 only requires 3.5-isolation.
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Figure 8: Roots (asterisks) define compact components. A subdivision step halves their diameters
and at least doubles isolation of their minimal covering squares and discs.

Then R(zy) > p— 0 > p/ — 30 because || = | —¢| < § and p’ < p+ 20 by assumptions.
Furthermore, R(zp,) < 0 for some root zj because ¢ = 0 € CH(X(D(0,1))). (Actually, R(zp)
reaches its maximum — mzﬁ T Where zj is a simple root and — mzﬁ 7 is a root of multiplicity m — 1.)

Therefore, |24 — 21| > R(zg) — R(zn) > p' =30 > p' — %e.
This implies claim (ii) for the output of Alg. I8l since p’ > e.

18.3 Elaboration upon the compression algorithm

We can readily compute m = #(D(0,1)) for the isolated input disc D(0,1) of Alg. 081l e.g., by
applying Alg. Bl and we can extend this recipe to any disc D(c, p) by applying map (2.2) and
Thm.

Furthermore, based on Thm. B.3] we can compute close approximations 51 to the sum s; of the
m zeros of p lying in that disc and ¢’ to their average s1/m, lying in the convex hull CH(D(c, p)),
Finally, we can approximate the mth smallest root radius r4_,+1(c/,p) by applying our root radius
estimation of Sec. [0 based on /(-tests for £ = 1 and ¢ = m, for which we can apply (-tests of Parts
IT or combine e/i tests of Sec. [[T] with reduction of m-test to e/i tests in Sec.

Computation of the sufficiently close approximation of the sum s; of the zeros of p and the
average s1/m involves a little higher HLA cost and Boolean time than we need to support Thm. [I.7]
(HLA cost bound would get an extraneous term O(blog(d) and similarly for Boolean time bound),
but we fix this deficiency in Sec. 20, where we cover another variant of compression algorithm.

18.4 Counting e-compression steps

¢’ approximates within € all m roots lying in the disc D(0, 1) if p’ < e for the output value p’ of Alg.
I8 Then call the compression final and stop computations.

Otherwise call the square S = S(¢/, p) suspect and apply to it subdivision iterations.

Extend Lemma [I71] to the case where |z — z,| > 2o/ for a pair of roots zy,2, € D(¢,p'),
combine it with claim (ii) for the output of Alg. I81] and obtain that at most 2.5 + logy(8cm/5)
subdivision steps break the square S into more than one component.

Until that moment apply no new compression steps and hence apply less than 2m such steps
overall — no more than there are nodes in the partition tree T.

Now elaborate upon Observation [[7.1] as follows.

Theorem 18.1. For a fized € > 0 let subdivision and compression steps be applied to a component
C of suspect squares containing at most m roots. Then at most m final compression steps among
at most 2m — 1 compression steps overall output isolated discs of radii at most € that cover all roots
lying in C.
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Corollary 18.1. Under the assumptions of Thm. I8 all subdivision steps process at most 6m — 3
compact components, made up of at most 24m — 12 suspect squares; this involves at most 24m — 12
e/i tests.

Proof. A compact component stays unbroken and uncompressed in at most 3 consecutive subdivision
steps, which end with a compression step or follow a non-final compression step, that is, such
components are processed in at most 6m — 3 subdivision , which involve at most 24m — 12 e/i tests
overall. O

19 Counting e/i tests

19.1 An upper estimate

The upper estimate 2m — 1 of Thm. I81]is sharp — reached in the case of the complete binary tree
T and implying that our accelerated subdivision process can involve 2m — 1 suspect squares (e/i
steps). This reaches lower estimate up to a constant factor:

Theorem 19.1. Let subdivision iterations with compression be applied to a suspect square containing
at most m roots. Then they involve O(m) e/i tests overall.

19.2 The first lemma
Our proof of Thm. 9.1l begins with

Lemma 19.1. In every component C made up of o(C) suspect squares we can choose n(C) >
o(C)/5 non-adjacent suspect squares.

Proof. Among all leftmost squares in C' the uppermost one has at most four neighbors — none on
the left or directly above. Include this square into the list of non-adjacency squares and remove it
and all its neighbors from C. Then apply this recipe recursively until you remove all o(C') suspect
squares from C. Notice that at least 20% of them were non-adjacent. O

19.3 The second lemma

Lemma 19.2. Fiz two integers i > 0 and g > 3 a value o of softness, for 1 < o < /2, define the
separation fraction a := 2 — o\/2 of Observation [I72. For all j let j-th subdivision step process oF
components made up of o; suspect squares, n; of which are non-adjacent, let A; denote their side
length, and let the j-th steps perform no compression for j =i,i+1,...,i+g. Then

Tirg > (ni —v;)a297 %5 if A; > 29A; . (19.1)

Proof. At the ith step a pair of non-adjacent suspect squares of the same component is separated by
at least the gap aA;, and there are at least n; —v; such gaps with overall length (n; —v;)aA;. Neither
of these gaps disappears at the (i 4 g)th step, and so they must be covered by ;4 suspect squares,
each of diameter v/2 Ajrg = A;/2979% under (I21). Hence (n; — v;)ad; < 0i+gAi/29_0'5. O

By virtue of Cor. [I81] all compact components together involve O(m) suspect squares and e/i
tests; it remains to prove that we only involve O(m) other e/i tests, for which n; > 2 for all j.

Next we extend Lemma [[9.2 by allowing compression steps. We only need to extend the equation
2A ;41 = Aj to the case where the jth subdivision step for ¢ < j < ¢+ g may perform compression,
after which we apply subdivision process to a single suspect square with side length at most 4A;.
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The next two subdivision steps perform only five e/i tests, that is, at most 10m — 5 e/i tests are
performed at all pairs of subdivision steps following all (at most 2m — 1) compression steps.

Then again, we can exclude all these e/i tests and bound by O(m) the number of the e/i tests
in the remaining subdivision process, which is not interrupted with compression steps anymore.

Furthermore, we resume subdivision process after a compression step with a suspect square
whose side length decreased (in two discounted subdivision steps) from at most 4A; to at most A;.

Hence we can apply to it Lemma [[9.2] because now it accesses the same number n; of non-
adjacent suspect squares and an increased number o of all suspect squares (cf. (I91])).

19.4 Counting e/i tests at partition steps

Let h be the height of our partition tree T and count suspect squares processed in subdivision steps
that partition components, temporarily ignoring the other steps.

Clearly, bounds (I9.0)) still hold and can only be strengthened. Notice that v; > 1 for all 7, sum
Vitg as well as bounds (I9.0) for a fixed g >0 and ¢ = 0,1,...,h — g, and obtain

h—g h—g h—g V2
z%ni - )‘Z% Tirg < 2% Vigg for Ai= 2. (19.2)
1= 1= 1=

Notice that
h—g h g—1
Z'Ui+g < Zvi - Zvi <2m —g,
i=0 i=0 i=0

Combine the above estimate and the bounds n; < m and (cf. Lemma [[9.1]) o; < 5ny, for all 4, write

n = Z?:o n;, obtain

h—g h h—g h
Znign’— Z n; <n' —mg, Zai+g§20i§5n',
i=0 i=0 i=0

i=h—g+1
and so
(1 —5X\)n" <2m —1— g+ mg for X of (I9.2)).
Obtain that
5v2

050 <2m—1—g+mgforg=1+ (log2(7)1-

Hence
n' <4m —2—2g + 2mg, and so n’ = O(m) for g = O(1). (19.3)

19.5 Extension to counting all e/i steps

Next consider a non-compact component, count all suspect squares processed in all subdivision steps
applied until it is partitioned, and then prove in Lemma [[9.3] that up to a constant factor the overall
number of these suspect squares is given by their number at the partition step. Such a result will
extend to all subdivision steps our count n’ = O(m) of (I33)), so far restricted to partition steps.
Together with Lemma [I9.1] this will complete our proof of Thm. [9.11

Lemma 19.3. Let k+1 successive subdivision steps with o-soft e/i tests be applied to a non-compact
component for o of our choice in the range 1 < o < /2. Let the j-th step output n; non-adjacent
suspect squares for j =0,1,..., k. Then Z?;é n; < nk%ﬁ for the separation fraction a := 2—o+/2
(cf. Observation [I7.2.)
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Proof. Substitute g = k — i into (I9.3)) and obtain o > (n; — v;)a2871=05 for i = 0,1,...,k — 1.
Recall that o; < 5n; (cf. Lemma [[9.1]) and that in our case v; = 1 and n; > 2 and obtain that
n; —v; > n;/2 for all i.
Hence 5ny > n;a2==15 for all 7, and so

a

k—1 k

10+/2 . 10+/2
g n; < ny \/_E 277 < ny \/7
; a -
=0 j=1

O

Remark 19.1. The overhead constants hidden in the "O" notation of our estimates are fairly large
but overly pessimistic. E.g., (i) the roots x and y involved in the proof of Lemma [19.2 are linked
by a path of suspect squares, but we deduce the estimates of the lemma by using only a part of this
path, namely, the part that covers the gaps between non-adjacent suspect squares. (ii) Our proof of
that lemma covers the worst case where a long chains between the roots x and y can consist of up
to 4m suspect squares, but for typical inputs such chains are much shorter and can consist of just
a few suspect squares. (iii) In the proof of Lemma we assume that n; — 1 > n;/2; this holds
for any n; > 2 but the bounds become stronger as n; increases. (iv) In a component made up of five
suspect squares at least two are non-adjacent, and so the bound of LemmalI9.1] can be strengthened
at least in this case.

Remark 19.2. Alg. [I81] compresses an input disc D(0,1) into n-rigid disc for n = 5/8, but our
proof of Thm. L9l only involves i) the argument in Sec. and this argument and therefore the
whole proof of the theorem can be immediately extended if it relies on compression into any rigid
disc.

20 A variant of compression algorithm

Recall Schroder’s iterations [118], celebrated for fast convergence to a root of multiplicity m [70}
Sec. 5.4|:
z =1y —m NR(y). (20.1)

Due to map (22]) we only need to consider the case where the input disc D is the unit disc
D(0,1) and first assume that it contains all d zeros of p and readily verify

Observation 20.1. Schrider’s single iteration (200) for m = d and p(x) = pg(z — 21)? outputs
the zero z1 of p(x) unless y = 2.

Next we extend this observation by proving that the output z of Schroder’s iteration ([20.1)) lies
near the convex hull CH (X (D)) provided that m = d, a disc D contain all d zeros of p, and point
y lies for from the disc D. Here are our specific estimates.

Theorem 20.1. Write D := D(0,1), CH := CH(D), and A := A(D), fix y such that |y| > 2, let

z := y—dNR(y), which is (201) form = d. Letx € CH. Then|z—Z| < a A for o := %@\y—i’]

Proof. Let € CH and then |z; —Z| < A for j =1,...,d. Hence (cf. [2.1])

d d
d 1 1 |z — 2] dA
NIR(y) — _(é ( - _(é —— < ,
) y-z ;y—zg' y—z ;Iy—fvl-ly—%l (lyl — A)?
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and so NIR(y) ) A
Y
,w:=——, and == ————.
d y—7= (lyl — A)?

|lu —w| < B for u:= (20.2)

Hence

|z — [ = |z ly — .

_ +L‘_‘1_1‘_!u—w\< pd
YTNR(y) T o ul T Tuw] T NIR(y))
Now write

Z; ::ﬁforjzl,...,d

and deduce from (21]) that
d

v INIR@) =3 = ey a3 =d—§dj\11j1-

j=1 h=0 j=1 h=1j=1 Jj=1

INA
T
@
=]
I
@

Recall that maux?:1 |zj| <1< y|, and so ‘1?2]»’
L =2
yl=1 "yl -1~

d (Jy| = Dyl
NRG) = -2

Combine this bound with the above bound on |z — Z| and obtain

o—a < W=Dl g

ly| — 2

for 5 of (20.2). Substitute g := ﬁ and obtain

ly| INIR(y)| > d —d

(lyl = Dyl
(lyl = A)2(Jy[ —2)

Substitute A < 2 and obtain the theorem. O

|z — 2| <

Aly — z|.

Notice that |z — Z| > rgq(z), while & — 1 as |y| — oo and in particular |z — z| < 1.1A if, say,
ly| > 100.
Now notice that

Observation 20.2. Let a point ¢ lie in a disc D and let A := A(CH(X(D))) denote the diameter
of the convex hull of the root set X ((D)). Write Thenr —p < A < 2r forr = ry_m1(c,p) and

p=ra(c,p).
Corollary 20.1. If p < vr under the notations of Observation [20.2, then the disc D is (1 —v)/2-
rigid.

It follows that the disc D := D(z,71(2)) is rigid, and so we can compress into it the 100-isolated
unit disc D(0,1) at HLA cost 2.

Now deduce from Eqn. (2.1)) that similar argument can be applied if m < d, Schroder’s iterations
(00 is applied at a point y such that |y|?> = @ form a sufficiently large 6, the unit disc D(0,1)
contains precisely m zeros of pa and is f-isolated, that is, i(D(0,1)) > 6 and #(D(0,1)) = m.
Furthermore, verify that this can be achieved already for 6 of order d°!), and we can ensure this by
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delaying compression and performing instead o(log(d)) subdivision steps until either theta increases
to that level or the input compact component is broken into more than one component.
Then the proof of Thm. [9.1] still holds if its bound increases by a factor of log(d).

Part IV: Deflation

21 Deflation: when and how?

21.1 Comments and contents

In this section we cover deflation of a factor of a polynomial. In Sec. we compare the benefits
and shortcomings of explicit and implicit deflation. We conclude that explicit deflation of of p is
numerically safe if the degree of the output is low, but otherwise deflation tends to destroy sparsity
and to blow up the coefficient size. We cover deflation of factors of any degree, but realistically one
should avoid deflation in subdivision process until the degree of the factor decreases to a sufficiently
low level. In Sec. we extend deflation to complete factorization of p.

We can readily verify correctness of both explicit and implicit deflation by means of root-finding
for f (see Sec. 21.6)).

We study deflation in two cases.

Case (i). Assume that some roots are tame, that is, have been approximated, and deflate a
wild factor f of p having root set made up of the remaining w wild roots, with application in Sec. [l
Delve and Lyness in [30] and more recently Schleicher and Stoll in [128] apply Newton’s identities
(see Alg. PT.3)) to recover f from the power sums of wild roots, computed as the differences between
the power sums of all roots and tame roots. The algorithm has been presented for a polynomial p
given in monomial basis and has complexity of O(wd) arithmetic operations (see Sec. Z13)).

The precision of these computations can be readily estimated a posteriori but is not known a
priori and is unbounded for the worst case input, although this caused no problems in the tests in
[128].

Our alternative Alg. of Sec. 2I.4l based on evaluation and interpolation, avoids this
problem, and we extend it to deflation of a wild factor of a black box polynomial p within a fixed
error bound € > 0. Its complezity is dominated by the cost of the evaluation of a polynomial p at
O(wlog(1/¢)) points.

Case (ii). In Sec. 215 within the latter cost bound under error bound €, we can explicitly
deflate a factor f of a black box polynomial p over an isolated disc, such that f and p share their
root set in it (see the next subsection). In this case we can readily approximate the power sums by
Cauchy sums and then recover the factor f by using Newton’s identities or Newton’s iterations (see
Algs. 213 and 2141 respectively). We observe strong numerical stability of the former algorithm.

Both algorithms can approximate the factor f quite closely at a low arithmetic cost; in Appendix
Bl we outline Schonhage’s algorithms of [120), Secs. 10 —12] that fast refine such approximations at
a low cost.

In Sec. 217 we cover a simple deflation by means of Taylor’s shift (we call it Laser deflation),
which worked empirically in the paper [62] by Kobel, Rouillier, and Sagraloff for a narrow input
class, and we show that it is numerically unstable for a worst case input.

21.2 When should we deflate?

Consider pros and cons for choosing or skipping deflation.
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With implicit deflation of a factor f = f(x) of a degree w < d, we apply the same or another
root-finder to the input polynomial p(x) but only approximate the w roots of the factor f(x). In
Remark 2T.T] we elaborate upon such deflation in case (i) of deflation of a wild factor.

With explicit deflation we explicitly compute a factor f and then approximate its roots faster
because it has a lower degree w (see below). Furthermore, the computational cost tend to decrease
because the root set shrinks. In the case of explicit deflation we can first compute a crude approxi-
mation of the factor f(z) and then refine it fast, by applying Schénhage’s advanced algorithm s of
[120], Secs. 10 — 12| (see our Appendix [B]).

We should, however, weigh the benefits of explicit deflation against its computational cost and
‘side effects", that is, the coefficient growth and the loss of sparsity. For example, consider explicit
deflation of factors of degree k of p(z) = x3*+1 4 1 for a large k. There is no such “side effects" for
the factors of the form (z — ¢)™, but they can appear in factorization of (z — ¢)™ — 4. The ‘side
effects" steadily decrease as the degree w of the factor decreasesPT f(x) has at most w+ 1 non-zero
coefficients, and if f(x) is monic and has all its roots lying in the unit disc D(0,1), then the norm
| f(x)| reaches its maximum 2% for f = (x — 1)*.

Hence if w is a small positive integer, then the “side effects" are minor or disappear, and we
can safely deflate f explicitly. In particular deflation tends to be efficient in the highly important
case of real root-finding (see Sec. 2I.6]) because real roots tend to make up a small fraction of all d
complex roots.

In some cases we can avoid or mitigate the “side effects" by means of avoiding or delaying
deflation.

Example 21.1. Let p = Hd (x — 1+ 277) for a large integer d. In this case isolation of the

. j=1 .
root 1 — 277 weakens as j increases. Subdivision would recursively approximate the roots 1 — 277
for j =1,2,..., but should we deflate the factors v — 1+ 277 and continue computations with the

factors g(x) = H;l:k(m —1+277) of degree d—k for k =2,3,... 2 Approxvimation of such a factor
of p for 2k > d involves at least %d2 bits and at least gdz Boolean operations. Indeed, the root set of
p; consists of at least 0.5d roots, and we must operate with them with a precision of at least %d bits
(see Cor. [I1]). Hence approximation of these factors for i =1,...,d — 1 involves at least gd?’ bits
and at least %d?’ Boolean operations. We can decrease this cubic lower bound to quadratic level if
we skip explicit deflation at the kth step unless ddeg& > v for a fited vb > 1, e.g., v = 2. Under

eg(9r+1)
such a degree bound we apply deflation not more than [log, (d)] times.

Remark 21.1. We can yield the benefits of contracting root set and avoid the “side effects” of
explicit deflation in implicit deflation, that, is application of a selected root-finder to the wild factor

f(x) available only implicitly. Assume that close approzimations zi,. ..,z to tame roots xy,...,xy

are available such that we can identify x; with z; and t(x) with H?;f’(:ﬂ — 2j). Then equations
f(x) = p(x)/t(z), (21.1)

d—w
f'(=) 1

N = =N — 21.2
Ryle) = 0y = Nole) = X = (21.2)
enable us to evaluate f(x) and NRy(z) = ]},((;)) without explicit deflation. Moreover, we can accel-

d—w 1
j=1 z—x;

erate simultaneous numerical approximation of the sum
FMM.

3"Boolean complexity of explicit deflation of high degree factors can be bounded, and such deflation was the basis

for theoretical study of the complexity of high accuracy root-finding in [90] (cf. Part I of our Appendix), but the
implied growth of the coefficients and working precision has made these algorithms quite hard to implement.

at many points x by applying
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21.3 Cauchy-Delves-Lyness-Schonhage deflation of a wild factor
Algorithm 21.1. A wild factor via the power sums of the roots [30/

Given w + 1 leading coefficients of a polynomial p of (I1) and its tame ro0ts Ty i1, ...,%q,
first successively compute the power sums

(i) sp = Z;l:l m? of p of all d roots of p,

(1) all sptame = E?:w—i—l :175‘ of its d — w tame roots, and

(111) Swild = Sh — Shtame Of its wild roots.
In all cases (i)-(iii) do this for h=1,...,w. Then

(iv) compute the wild factor f(x) = H;'U:1(~T — x;) by applying Alg. [ZI.3, that is, by using
Newton’s identities (3.13).

Stages (i), (ii), (iii), and (iv) involve O(wlog(w)), O(wd), w, and O(w?) arithmetic operations,
respectively. The overall arithmetic complezity is dominated by order of wd operations at stage (ii).

Remark 21.2. We would bound the output errors by € > 0 if we perform the computations with the
precision of order log(1/€)), except that in subtractions at stage (iii) we would lose about

Z?:l a:?
bloss = logy <‘WD (21.3)
J= J

bits of precision. For the worst case input all wild roots have much smaller magnitude than some
tame roots, and so generally the value bjys is unbounded a priori, and so are the output errors of
Alg. 211l under any fixed bound on working precision, although a posteriori precision bounds are
readily available. Furthermore, we can verify correctness of deflation at a low cost in the case where
w is small, by means of root-finding for f(x) (cf. Alg. [21.5), which runs at a low cost where deg(f)
1s small. For many inputs the value b s reasonably well bounded; in particular no numerical
problems have been reported in numerical tests in [126], based on Newton’s identities at both stages

(i) and (iv).

Remark 21.3. Stage (i) involves the coefficients of p, but we can modify it by approximating the
power sums of the roots of p within ¢ > 0 by Cauchy sums at the cost of the evaluation of the ratio
P /p at O(wlog(1/e€)) points. This would dominate the overall arithmetic complexity of the resulting
algorithm, said to be Alg. 21Tl and handling a black box input polynomial p(x).

Remark 21.4. At stage (iv) Alg. runs at a dominated arithmetic cost and has very strong
numerical stability. We can decrease this cost bound significantly if instead we apply Alg. less
stable numerically.

21.4 Deflation of a wild factor by means of evaluation and interpolation

Algorithm 21.2. Deflation of a wild factor by means of evaluation and interpolation.

Fixz K distinct complex points (y, (1, ..., x—1 for w < K < 2w, not being tame roots or lying
close to them, write t(x) := Hg:wﬂ(az —x4) and f(z) = %, and compute

(i) p(¢5) for j=0,..., K =1,

38|30] approximates the power sums of the roots of p(z) at stage (i) below by adjusting some customary algorithms
of that time for numerical integration over a circle, but we prefer to apply Newton’s identities (3:15)) at that stage.
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(1) f(C]):i)((gj)) 7=0,....,.K -1, and

(i) the coefficients of the polynomial f(zx).

The computation is reduced to evaluation of p(z) at K < 2w points at stage (i), which dominates
overall complezity, (d —w)K subtractions and as many divisions at stage (ii), and interpolation to
the degree w polynomial f(x) at stage (iii).

We can scale the variable x by a fixed or random a € C(0,1), avoiding coefficient growth and
division by 0 at stage (ii) with probability 1, then write

¢j=al’, for j=0,1,..., K — 1, (21.4)

2mi

for ¢ := exp <7) of (I3), and perform stage (iii) by applying inverse DFT at the Kth roots of
unity to f(ax), which amounts to multiplication by unitary matrix (up to scaling by a constant)
and is numerically stable. In this case the computations involve O(K log(K)) arithmetic operations
at stage (iii).

For a polynomial p(x) given in monomial basis, stage (i) is reduced to numerically stable DFT
applied to the polynomial p(az) and involves O(K log(K)) arithmetic operations; in this case the
overall arithmetic complezity is dominated by 2(d — w)K = O(wd) operations at stage (ii).

Alg. has no problem of numerical stability, unlike Algs. 2T.1] and RT.Tk.

21.5 Deflation of a factor over an isolated disc

Given an isolated disc on the complex plane, we can deflate a factor f of p where f and p share the
root set in that disc as follows.

First approximate the power sums sj, of all w roots of f by Cauchy sums s;, , for h =1,2,...,w =
deg(f). Ensure an error bound € > 0 by computing the Cauchy sums within complezity bound at
the cost dominated by the cost of the evaluation of the ratio p’/p at O(wlog(1/€)) points.

Then approximate the coefficients of f within the error bound O(e) by means of the following
algorithm, which has strong numerical stability and can be also incorporated into Alg. RT.T] at its
stage (iv).

Algorithm 21.3. The coefficients from the power sums via Newton’s identities.

Given the power sums s, ..., Sk of the roots of a monic polynomial f(x) = " + Z:-”:_Ol it
for k <w = deg(f), recursively compute its k leading coefficients as the k trailing coefficients
of the reverse polynomial

) =2 F(2) =143 fuie
i=1

by solving the linear system of k Newton’s identities (3.13), that is,
Jw—1+ 51,5 =0,

s1,ffw—1+2fw—2+ 525 =0,

so.ffw—1+ 81, ffw—2 +3fu_3+ 535 =0,

We can solve such a triangular linear system of k equations in k? arithmetic operations by means
of substitution. Furthermore, we can ensure numerical stability of these computations if we make
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linear system diagonally dominant by moving all roots into the disc D(0, ﬁ) by means of scaling
the variable x.

Numerical stability of transition from power sums to coefficients with Newton’s
identities. The following theorem links the absolute values of the coefficients, the roots, and their
power sums.

Theorem 21.1. Let

w w
frov i= 2" + Z fix® Tt = H(az —xj)
i=1 i=1
denote a polynomial whose all w roots lie in the unit disc D(0,1) and let sg, S1,...,Sy denote the

power sums of these roots.

(i) If |sp| < VP forh=1,...,w and v > 0, then |fy| < V" for h=1,...,w, while |f1| < a and
|fo]| < a forh=2,3,...;w if |sp| <a <1 forh=1,..., w.

(ii) If | fu] < VM for h=1,...,w, then |sp| < 2v)* for h=1,...,w.

(111) The bounds v|zj| < 1 hold for j =1,...,w if and only if

|fn] < (;‘:) Vfor h=1,... wb (21.5)
Proof. Define w Newton’s identities ([B.13]) for d = w and w; replacing p;. They form two triangular
linear systems expressing f1,..., fw via S1,...,8, and vice versa. Solve them by applying back
substitution and deduce claims (i) and (ii). Claim (iii) follows because the w-multiple root —1/(2v)
of the polynomial (1 + 2vz)" is absolutely smaller than every root of f(z) under (2L3]). O

This theorem supports numerically stable implementation of stage (iii) of Alg.

We lose this benefit but decrease the arithmetic cost if at stage (iii) of Alg. we replace
Alg. 213 with the following algorithm of [120, Sec. 13]; it involves 2k first power sums in order to
output k leading coefficients of f(x) for k < w and decreases the dominated arithmetic cost O(n?)
of stage 3 to O(nlog(n)).

Algorithm 21.4. Recovery of a polynomial from the power sum of its roots by means of Newton’s
iterations.

Write frev(7) := 14 g(x) = [[;2,(1 — 22;) and deduce that
dy

"z T h .
j=1

i=1

forh=1,2,...,w+ 1.
Write g,.(x) := g(x) mod 2", observe that gi(z) = —s1z and ga(7) = —s12+ (57 — s9)2?, and
express the polynomial go,(z) as follows:

1+ gor(z) = (1 + g, (2))(1 4 hyp(z)) mod x>+ (21.7)

for an unknown polynomial
ho(x) = hpq2™ ™ 4 - 4 g (21.8)

*Recall that Y ), <Z> v =ov,

63



Equation (2L.7) implies that

hy.(z)

r :h/ d 2T+1.

Th ()~ el@) moda

Hence , , ,
g2r(x) _ gr(x) hr(‘r)

In(1 + gar(2))" = mod 22",

S l4go(r)  1+g(x) 1+ he(x)
Combine these identities with equation ([2I.6]) for w = 2r 4+ 1 and obtain

’ 2r
9, (%) / j—1 2r
—— _—+h(x)=— s;x’ mod z°". 21.9
Having the power sums sy,...,s24, and the coefficients of the polynomials g (x) and go(z)
available, recursively compute the coefficients of the polynomials g4(x), gs(x), g16(x),... by using

identities (21.7) — [21.9).
2r
) mod z" and

Namely, having the polynomial g,(z) available, compute the polynomial m
its product with g/.(z). Then obtain the polynomials A (z) from R2L9), h,(z) from ([2LJ), and
g2r(x) from 2I7]).

Notice that m mod z" = #(x) mod z" for all » and reuse the above polynomials for
computing the polynomial m mod z?". Its coefficients approximate the coefficients fi, ..., fi

of f(x) and its reverse polynomial, and we can stop at any positive k not exceeding w — 1.

The algorithm performs [log, (k)] iterations; the ith iteration amounts to performing single poly-
nomial division modulo 22 and single polynomial multiplication modulo 2%, i = 1,2, ... ,[logy(k] +
1, at the overall arithmetic cost in O(klog(k)), and so performing O(wlog(w)) arithmetic opera-
tions is sufficient in order to approximate all coefficients of the reverse polynomial fey (), which it
shares with f(z). See the estimates for working precision and Boolean complexity of this algorithm
in [120, Lemma 13.1].

21.6 Correctness verification of deflation by means of root-finding

Algorithm 21.5. Correctness verification by means of root-finding.

Closely approzimate all dy roots of the polynomial f and estimate the smallest root radius
centered at each of these approximation points. See Sec. and some relevant error and
precision estimates in Part I of the Appendiz.

21.7 Laser Deflation

Suppose that a small and %—isolated disc D(e, p) for a small positive p covers a cluster of m roots
of p and write

f=px) mod (z— ). (21.10)
Clearly f converges to a factor of p with its root set converging to this cluster as p — 0, and Kobel
et al [62], Sec. 3.2] propose to compute the polynomial f by means of shifting the variable z — z —c.
We call the computation of f Laser deflation because, unlike all other deflation algorithms of this
section, it is only defined under the assumption that a very close approximation ¢ to the cluster
is given. The algorithm involves the coefficients of p(z), but we extend it below to a black box
polynomial; it is not clear, however, if it has any advantages versus the algorithms of Sec. 21.5]
although in [62, Sec. 3.2] Kobel et al report empirical success of Laser deflation in the case where a
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fixed small segment of the real axis contains a small number of roots and is very strongly isolated
from the external roots.

(i) Laser deflation for a black box polynomial.
Reduction to convolution enables us to deduce the following result (cf. [89, Sec. 2.5]), whose
supporting algorithm is numerically unstable for d > 50.

Theorem 21.2. Given the coefficients of a polynomial p(x) of (I1l) and a number ¢ one can compute
the coefficients of the polynomial s(x) = p(x — ¢) by applying O(dlog(d)) arithmetic operations.

We can avoid numerical problems and approximate the trailing coefficients of a black box poly-
nomial p by divided differences.

Algorithm 21.6. Fiz a small positive €, compute py := po = p(0), recursively compute
approzimations py ~ p = }k(p(e) — z;:ol pie') for k =1,2,... ,w, and observe that Py — py
as € = 0.

Correctness of the algorithm follows from the link of the coefficients p1,...,pq of p to the values
of the derivative and the higher order derivatives at the origin:

pr = kp®(0), k=0,1,...,d. (21.11)
The algorithm evaluates p(z) at w + 1 points and also involves 4w — 3 additional arithmetic oper-
ations, 2w of them for the computation of the values €*p;, for k = 1,...,w by means of Horner’s
algorithm.

All this can be readily extended to the computation of the w trailing coefficients of the polynomial
s(z) = p(x — ¢), and we can determine the integer w (if it is unknown) as the minimal order of
the derivative of p that neither vanishes nor nearly vanishes at ¢ implying similar property for the
approximations by divided differences.

(ii) Some hard inputs.

Next we prove that the roots of f can greatly deviate from the cluster of the roots unless the
disc D(c, 1) is isolated exponential in d — w.

Assume that ¢ = 0. If furthermore, f = x%, so that 1 = --- = z,, = 0 is a w-multiple root,
then the approximation of f by f has no error, but let

p=fgfor f=(@+p)", g=1+az+2>+ - +27% for p<1. (21.12)

In this case polynomial p has a w-multiple root p and d —w simple roots Cg_wﬂ, 1=12...,d—w,
being the (d —w + 1)st roots of unity except for the point 1. Deduce from (2110 and (2I.12]) that

po =1, Ip = [fllg] = 1+ p)*(d —w+1), (21.13)

Therefore

w—1
Pz (V)= -1z (21.14)
=0



Now suppose that we seek approximation of the roots x; for j > w within an error bound 27 for
b > 1, say. Then we must approximate g and consequently f within error norm about 2_(d_“’)b\pl
(see Observation [[2]).

In view of (2I.13) and (2I.14]) this would require that

pw < (1+p)¥ —1 <2701 L py(d —w+1).
Recall that p <1 < b, and hence, as we claimed,

< (14 p)*(d—w+1) < d—w+122w_d.
w2(d—w)b w

PART V: FUNCTIONAL ITERATIONS AND FACTORIZATION

In Secs. and 23] we outline some new research directions, explain their promise, and pro-
vide initial motivation, but leave their detailed analysis and formal and experimental support as a
challenge.

In Sec. 22l we recall and strengthen three functional iterations, namely, Newton’s, Weierstrass’s,
or Ehrlich’s. Given d reasonably close approximations to the d roots, they refine them with at least
quadratic convergence rate, but empirically they also very fast converge to the roots globally — right
from the start, under proper customary initialization.

In Sec. we recall Kirrinnis’s algorithm of [60]. It refines with quadratic convergence rate
a reasonably accurate numerical factorization of a polynomial (see footnote 2 on some important
applications of the factorization).

Such a refinement of the factorization can be also achieved by means of root-refining, followed
by transition to factorization, but this way generally requires a higher precision of computations
(recall Observation [[2).

At the end of the section we extend our numerical factorization of a polynomial to its multipoint
evaluation.

22 Newton’s, Weierstrass’s, and Ehrlich’s iterations

22.1 Contents

In the next subsection we comment on convergence of the three listed iterative root-finders and
on their stopping criterion. In Sec. B2.3 we discuss the policy of doubling precision, the resulting
dynamic partition of the roots into tame and wild, and the deflation of a wild factor. In Sec. 224 we
accelerate these iterations by incorporating FMM. In Secs. — 227 we cover their initialization.
In Sec. we approximate the d root radii, which defines d narrow annuli whose union contains
all d roots, which has also significant independent importance. In Sections and 22.7 we further
narrow root search to the intersection of a small number of such unions.

22.2 Definition, convergence and stopping

1. Definition. Consider Newton’s, Weierstrass’s (aka Durand-Kerner’s), and Ehrlich’s (aka
Aberth’s) iterations [63, [50] 116} 128 133] 28| 59, 34, 3, 21]):

24 2—N(2), zj < zj — W(zj), zj < 2z — Ej(25), j=1,...,d, where (22.1)
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N(z) =W (x) = Ej(x) =0 for all j if p(z) =0 (22.2)

and otherwise

- . M 1 E
N(z) =3 o) W) =7 o B N i:%:#aj_% (22.3)

for I(z) := H;lzl(a: — zj).

Newton’s iterations can be initiated at a single point z or at many points and can approximate
a single root, many or all d roots at the cost decreasing as the number of roots decreases [63] [50,
17161 [128].

In contrast, Weierstrass’s and Ehrlich’s iterations begin at d points for a dth degree polynomial
and approximate a subset of its d roots about as fast and almost as slow as they approximate all
its d roots.

2. Convergence. Near the roots Newton’s and Weierstrass’s iterations converge with quadratic
rate, Ehrlich’s iterations with cubic rate [I30], but empirically all of them consistently converge very
fast globally, right from the start, assuming a proper initialization, which involves the coefficients
(see [14] 21I], and our Sec. m Because of their excellent empirical global convergence, the
iterations are currently at least competitive with, if not superior to, subdivision iterations according
to user’s choice. This, however, is conditioned to proper initialization, which can be ensured at a
low cost for polynomials given with coefficients — in monomial basis, but extension to a black box
polynomial remains a challenge.

3. Stopping. For a stopping criterion one can first verify readily whether the residuals, that is,
the differences between the current and previous approximations are within a fixed tolerance, and
if so, then one can estimate whether the output errors of the computed approximations z; to the
roots, that is, the smallest root radii 74(2;,p), are within a fixed tolerance value.

22.3 Doubling precision and the deflation of a wild factor

Computational (working) precision sufficient in order to control the relative error of an output
approximation to a root can be defined by root’s condition number (see the relevant discussion in
[14] 2T]). This number is not readily available, however, and instead one can recursively double
precision of computing, until a fixed output accuracy is verified: first apply a fixed root-finding
iterations with the IEEE double precision of 53 bits and then recursively double it as long as this is
feasible and enables more accurate approximation of the roots, stopping where the required output
accuracy is ensured.

This policy for root-finding can be traced back to [14], where it was proposed for MPSolve. It
turned out to be highly efficient and was adopted in [38] for Eigensolve, in [2I] for the next version
of MPSolve, and in [I16] [128] for approximation of all roots by means of Newton’s iterations.

According to recipe (22.2)) the computed approximation z is only updated until p(z) = 0 or,
in numerical implementation, until the roots become tame, for a fixed stopping criterion. In the
latter case, one should restrict updating to the wild roots (cf. Sec. RI.2]) and should deflate the
wild factor, if it has small degree. When a root is tamed the minimal working precision is exceeded
by less than a factor of 2. Recall from [120] and [122] Thm. 2.7] that working precision does not
need to exceed the output precision &’ by more than a factor of d, and so at most O(log(db’)) steps
of doubling precision are sufficient.

4OFormal support for such global convergence is much weaker for Newton’s iterations (see [63] B0, 128], and the
references therein) and is completely missing for Weierstrass’s and Ehrlich’s iterations.
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For every working precision the d roots of p(z) are partitioned into d —w tame and w wild roots,
as above, and then one can apply the techniques of Secs. for explicit or implicit deflation.

At some point practical limitation on the computational precision may allow no further progress
in the approximation of the wild roots of a polynomial of a very high degree. Typically, at this
moment the number of the wild roots, that is, the degree of a wild factor, is relatively small for
Ehrlich’s and Newton’s iterations |11 128]. and then explicit deflation of the wild factor can be a
natural way out. Otherwise implicit deflation should be applied.

22.4 Acceleration with Fast Multipole Method (FMM)

Given 3d complex values wj, ;, z; such that x; # z; forallé,j = 1,...,d, Fast Multipole Method
(FMM) by Greengard and Rokhlin [44] and by Carrier, Greengard, and Rokhlin [26] computes the
sums Z?:l uijzj as well as Z] 1jki ez Z for all ¢ by using O(db) arithmetic operations, with

T

the precision of order b, versus 2d? arithmetic operations in the straightforward algorithm. The
paper [107] proposes and extensively tests its acceleration to Superfast Multipole Method. The
papers [92] 94] list the recent bibliography on FMM and related computations with Hierarchical
Semiseparable (HSS) matrices. Relevant software libraries developed at the Max Planck Institute
for Mathematics in the Sciences can be found in HLib,

The acceleration based on FMM is practically valuable in spite of the limitation of the working
and output precision to the order of log(d) and the resulting limitation on the decrease of the
Boolean computational complexity.

Next we incorporate FMM into Newton’s, Weierstrass’s, and Ehrlich’s iterations. First relate
the roots of a polynomial p(x) to the eigenvalues of a diagonal-plus-rank-one matrix

A=D+ve' for D= dlag(zj)j 1, €= (1)?:17 w = (wj);lzlv w; = W(z5),
W(z) of (223) and all j (cf. [15]). Let I; denote the d x d identity matrix, apply the Sherman-
Morrison-Woodbury formula, and obtain

aly— A= (xIy — D)(Iq — (xI; — D) ‘wel).

Hence
1 d d
—p(x) =det(xly — A) = — Z w; H(az — zj) H (x — zj). (22.4)
pd =1 i =1

Indeed, the monic polynomials of degree d on both sides have the same values forx = z;, 5 = 1,...,d

(cf. [15])). Equations (22.4)) imply that

p(zi) = —wi [[(z = 2), p'(z0) = [ [ (=i - Zj)<1 - %)

J#i J#i JFi
and therefore
Wi N witwy (22.5)
N(ZZ) i Z; — Zj

Hence, given the 2d values of z; and w; = W (z;) for all j, one can fast approximate N(z;) and
consequently E;(z;) for all j (cf. (223])) by applying FMM.

41w &~ 0.001 d in Newton’s iterations of [128] applied to a polynomial of degree d = 217,
“2Gerschgorin’s theorem (cf. [42]) for the matrix zI4 — A defines neighborhoods of its eigenvalues (the roots of p),
which helps to analyze and to modify the iterations (cf. [21]).
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Every iteration but the first one begins with some values z;, w;, and updated values z](-new) of

@21), for j = 1,...,d, and outputs updated values w](-new) = W(zj(»new)) for all 7. Then equations

223) and [22.5) define N (z](-new)) and Ej(z (new)) for all j. To update the values w;, apply [21],
equation (17)]:

d
2V — z; Wy, .
w?ew — (ZZQCW _ ZZ)H znclaw — new (Z _new _ — 1), 1= 1,... ,d.
i i k=17t k
In the case where 2]V = z; if and only if ¢ > k this updating is still used for ¢ = 1,...,k but is

simplified to

pew
j=17

k
2i — 2 ,
w?ow:win#forz:k+l,...,d.
J

Now fast compute the values Z k=13 W for all ¢ by applying FMM.

Also compute the values

new
Z; — Zj
R new _ . 1 J
RZ - (Zi 21) H Lhew __ new
it J

fast in two ways.

(i) Use the following customary trick (see [29] Remark 3]): approximate the values In(R;) for
i =1,...,d fast by applying FMM and then readily approximate R; = exp(In(R;)) for all 7. [29]
proves numerical stability of the reduction to FMM of a similar albeit a little more involved rational
expressions.

(ii) Observe that

IICW

—
E J .
ln(ncw— > ln( w)forl—l,...,d

& J#i “i J
and that

Lnew _ zj zj — new

J ~ J new . new __ _new

In (1 T new _ Znew) ~ Lnew _ new if |Z ZJ| < |zl Zj |
7 j i j

Let the latter bound hold for j € J; and let J; denote the set of the remaining indices j # i. Then

new new

2} — z; zj — 2} ,
R; = exp(0o;) H (1 ~ Thew —jmew Zr_lew), o; = g e i1=1,...,d.
jel, J J jen J

By applying FMM fast approximate o; for all ¢ and compute the values ngj’ #zmw for all 7 in
J

at most 4 Zi:l |J| — d arithmetic operations for |J}| denoting the cardinality of the set J;. Compare
the latter cost bound with order of d? arithmetic operations in the straightforward algorithm.

Clearly the above updating computation is simpler and more stable numerically for W (z;) versus
N(z;) and even more so versus Fj;(z;), for j =1,...,d.

Let us comment on the changes where one incorporates FMM into Newton’s, Weierstrass’s,
and Ehrlich’s iterations implicitly applied to the wild factor f(z) of p(z) (see Remark 2I.1]). The
same expression (21.2]) defines Ehrlich’s iterations for both f(x) and p(x ) by Virtue of Thm. 0.1
Newton’s iterations to a wild factor one additionally subtract the sum > 9= i1 3o xj (cf. 212)) and
can apply FMM to accelerate numerical computation of this sum. To apply Weierstrass’s iterations
to a wild factor one performs additional division by #(x) (cf. (2I.1))) and decreases the degree of the
divisor I'(z) from d — 1 to w — 1.
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22.5 d root radii and initialization

The algorithms of [63, 50, [128] approximate all d roots of a polynomial p by applying Newton’s
iterations at f(d) equally spaced points on a large circle containing inside all d roots for f(d) of
order at least dlog(d). Bounds (I0.I2]) immediately define such a circle for a polynomial given by
its coefficients.

MPSolve further elaborates upon initialization. It first applies Bini’s heuristic recipe of [10],
reused in [14] 21], for the approximation of the d root radii by involving all coefficients of p. Given
such approximations MPSolve defines k concentric annuli A(c, p;, p;) and k integers m; such that
#(Ale, pipl)) = mi for i = 1,...k, k < d, and Zle m; = d. MDPSolve initializes Ehrlich’s
iterations at d points z;, j = 1,2,...,d, exactly m; of them being equally spaced on the circle
Clc, (pi + p;)/2). This heuristic initialization recipe turns out to be highly efficient, and one is
challenged to test whether it can also help accelerate convergence of Newton’s iterations.

The algorithm supporting the next theorem also approximates the d root radii but is certified,
deterministic, and faster than Bini’s. It was first outlined and briefly analyzed in [120] for fast
approximation of a single root radius and then extended in [79, Sec. 4] (cf. also [80, Sec. 5]) to
approximation of all root radii of a polynomial. As in [10] 14, 2] it uses all d coefficients of p. A
variation of this algorithm in [53] supports the following theorem.

Theorem 22.1. [53, Prop. 3]. Given the coefficients of a polynomial p = p(x), one can ap-
prozimate all the d root radii |z1],...,|z4| within the relative error bound 4d at a Boolean cost in

O(dlog(|Iplle0))-

[53] extends the supporting algorithm to approximation of all root radii within a positive relative
error bound A by performing [logylog; A (2d)] DLG root-squaring iterations (I0.9]).

Combine Thm. 22T with estimates for the Boolean cost of performing these iterations implicit
in the proof of [120, Cor. 14.3] and obtain

Corollary 22.1. Given the coefficients of a polynomial p = p(x) and a positive A, one can approz-
imate all the d root radii |x1],...,|z4| within a relative error bound A in ﬁ at a Boolean cost in

O(dlog(||pllos) + d?log?(d)).

The algorithm supporting the corollary and said to be Alg. computes at a low cost d
suspect annuli A(0,7; _,r;4) for j =1,...,d (some of them may pairwise overlap), whose union U
contains all d roots.

We conclude this subsection with a list of some benefits of the approximation of the d
root radii.

(i) In a subdivision step one can skip testing exclusion and discard a square unless it intersects
U.

(ii) The search for real roots can be narrowed to the intersection I of U with the real axis (see
Fig. 10). [I12] has tested a simple real root-finder that approximates the roots in I. According to
these tests the algorithm is highly efficient for the approximation of all isolated real roots. Clearly,
the well-developed root-finding techniques, e.g., ones using derivatives and higher order derivatives
(see [90, 57], and the references therein) can further strengthen these algorithms. By complementing
the root radii approach with some advanced novel techniques (see more in Remark 22.2]), the paper
[53] has noticeably accelerated the real root-finder [62], currently of user’s choice.

(iii) Initialization based on Alg. 22.Th should improve global convergence of Ehrlich’s, Weier-
strass’s, and other functional iterations for root-finding as well as of Kirrinnis’s factorization al-
gorithm of [60], revisited in the next section. In particular Ehrlich’s iterations of MPSolve are
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may contain roots may contain roots

Figure 9: Two approximate root radii define two narrow suspect annuli and four suspect segments
of the real axis.

celebrated for their very fast global empirical convergence (right from the start), but it has only
been observed with such initialization; moreover, they diverge without it in an example of [115].

(iv) One can readily compute the power sums of the roots lying in any computed annulus isolated
from the external roots. By applying the algorithms of Sec. to such an annulus that contains
a small number of roots, one can compute a low degree factor of p that shares with p the small root
set in this annulus; then one can closely approximate these roots at a lower cost. Finally, one can
approximate the remaining wild roots by applying the recipes of Sec. for explicit or implicit
deflation.

22.6 Root-finding in the intersection of the unions of d narrow annuli

Overview and some remarks. Fix an integer £ > 1 and by applying Alg. compute the
d root radii for the polynomials ¢j(x) = p(x — ¢;) for k distinct complex numbers ¢j, j =1,...,k.
This defines k& unions Uj, each containing all d roots, and clearly, the above benefits (i) — (iv) are
accentuated if we confine root-finding to the intersection of all these unions.

The cost of computing such an intersection grows because already for k = 2 it may consist of d?
components, but this can be mitigated. E.g., in case (i) we can avoid computing the intersection: we
skip testing exclusion and discard a suspect square unless it intersects all £ unions U; for j = 1,...k,
and we can test this property of a square by using O(kd) comparisons.

If the roots form a cluster (cf. Example RI.T]), then Alg. R2.Th with shifts can help locate it,
but apparently at the computational cost not lower than by means of subdivision with compression.
Alg. B2.Th with shifts, however, helps if the d roots do not form a single cluster but lie on or near
a circle centered at the origin, in which case Alg. 22.Th without shift outputs just a single circle.

In the next subsection we outline and strengthen a randomized root-finder proposed and analyzed
in [95]. Tt fast approximates all isolated complex roots by relying on application of Alg. 2.Th with
three centers that lie far from the roots.

The case of a black box polynomial. Combination of Alg. B2ZTh with Taylor’s shift does
not blow up Boolean cost but was considered non-practical because it destroys sparsity and requires
significant increase of the precision of causing numerical problems.
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22.7 Root-finding in the intersection of three unions

Next we outline and strengthen the algorithm of [95].
First fix two long shifts of the variable + — x — ¢;, for

cj =7 riexp(¢;i), 1=1,2, ¢1 =0, ¢ = g, ry > 11 =11(0,p),

and a sufficiently large 7, e.g., v = 100. Then apply Alg. 22.Ih to the two polynomials t(z) =
p(x —¢j), for j = 1,2 and ¢; and ¢y above, and obtain two families, each made up of d narrow and
possibly pairwise overlapping annuli, centered at ¢; and co, respectively.

Let p denote the maximal width of the annuli of these families; already for a reasonably large
7 it is close to the width of every annulus of both families. The d? intersections of the d annuli of
family 1 with the d annuli of family 2 are close to squares having vertical and horizontal sides of
length p.

Now collapse all overlapping squares into larger rectangles with the maximal side length p < dp
and let their centers form a grid G of dyds vertices where d; < d for i = 1,2. The dyds nodes of the
grid G approximate the d roots within about % < % or less.

Given a suspect square we can discard it without testing exclusion unless both real and imaginary
parts of a node of the grid G lie within p from the real and imaginary parts of the sides of that suspect
square. We can verify whether this property holds by performing 2d; + 2ds < 4d comparisons.

In [95] we extended the approach to the approximation within 5v/2 of all roots by at most d
vertices of the grid. We obtained this extension whp by means of application of Alg. 22.Th to the
polynomial t3(xz) = p(xz — c3), for c3 = yry exp(psi), the same r; and v as before, and random ¢3
sampled under the uniform probability distribution from the range [, %’r]

Namely, in [95] we assumed some separation among the annuli of each family and then proved
that whp each of the d3 < d narrow annuli output in the third application of Alg. B2.Th intersects a
single square having its center in the grid G; thus whp these ds centers approximate all the d roots.
Furthermore, the index of an annulus of the third family shows the number of the roots lying in the
small rectangle centered at the associated node of the grid G.

In [95] we specified the probability estimate of at least 1 — € for the success of the algorithm
provided that the annuli of each family are separated from each other by an annulus with relative
width at least v > 0 such that %(dldg — 1)dydy < €, where % = 1.8006....

By virtue of Cor. 2.1l we can ensure a proper bound on the relative width of the output annuli

of Alg. 22.Th (defined by the relative error A of Cor. 22]) in order to satisfy the latter estimate[

Remark 22.1. It would be more costly to compute a specific angle ¢3 which would ensure that the

2
%(dldg — 1)didy straight lines that pass through the pairs of the dids vertices of the grid G, and the
desired property of the intersection of the three families would only hold if neither of these straight
lines forms an angle close to ¢3+ 5 with the real axis. Verification of this property requires at least
M arithmetic operations, that is, %(d2 —1)d? where dy = dy = d. Empirically we should have good
chances to succeed even if we fix any angle ¢3 in the range [T, 3] instead of choosing it at random.

88
a%—:-% where |a| and |b| are pairs of small positive

. . . . ‘ did
intersection of the three families consists of at most d domains. Indeed, there are M = < ! 2> =

One can try various heuristic choices of exp(¢si) =
integers.

43The estimate is stated in [95] in the case where each family consists of precisely d annuli with no overlap, but
the proof supports the more general statement above.
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Remark 22.2. Based on some advanced novel techniques the paper [53] applies Alg. [227a to the
polynomials tj(xz) = p(x — ¢;), for j = 0,1,2, where a polynomial p(x) has integer coefficients,
co =0, ¢; = a; + bii, and |a;| and |b;| for i = 1,2 are bounded non-negative integers. In spite
of the limitations on the shift values c;, the resulting real and complex subdivision root-finders for
polynomials given in monomial basis have noticeably accelerated the known algorithms according to
a series of extensive tests.

23 Fast polynomial factorization and multipoint evaluation

Given close initial approximations to the d roots of p, one can first refine them by applying New-
ton’s, Schroder’s, Weierstrass’s, Ehrlich’s, or subdivision iterations and then compute complete
factorization (.2]). Alternatively, one can first compute factorization (I2]) based on the initial ap-
proximations to the roots and then apply Kirrinnis’s refinement of factorization of [60], revisited in
this section. The latter way tends to be superior in the case of multiple roots or clusters of roots,
where root-finding and therefore root-refining computations may require much higher precision than
factorization (see Observation [[.2]). Such application of factorization can be initiated at the late
stages of subdivision process if they define factors of small degree (see the end of Sec. [23.0)).

Factorization into s factors can be viewed as simultaneous explicit deflation of these factors. As
in the case of explicit deflation, Boolean complexity can be nicely bounded, but numerical stability
problems caused by blowing up the coefficients and the loss of sparsity are likely unless the factors
have low degree or are of the form (z — ¢)™ (cf. Sec. 21.2]).

23.1 Contents

In this section we recall some known algorithms for polynomial factorization, outline a direction to
advancing them, link them to subdivison iterations and other root-finders, and extend this advance
to numerical multipoint polynomial evaluation (MPE).

In the next subsection we link polynomial root-finding and factorization. In Sec. 233 we recall
our algorithms of 1994 and 1995 for polynomial factorization and propose to combine them with
Kirrinnis’s refinement. In Sec. 234 we cover (a simplified version of) Kirrinnis’s refinement of
polynomial factorization of [60]. In Sec. we recall its complexity estimates. In Sec. we
discuss its bottleneck stage of initialization and at the end provision for combining subdivision with
factorization.

In Sec. 3T we extend factorization to numerical MPE, based on our novel combination of FMM
with polynomial factorization, and in Sec. 23.8 we briefly recall Moenck—Borodin’s algorithm for
non-numerical MPE.

23.2 Linking polynomial root-finding and factorization

Problem 1 of root-finding for p(x) and Problem 2 of its complete factorization into the product of
linear factors are closely related to one another.

Thm. and Remark [A.3] specify recovery of the roots from linear factors.

Conversely, suppose a set of pairwise isolated discs D(cj, p;), together with their indices m;
summed to d has been computed. E.g., such discs can be output by a subdivision iteration; alter-
natively they can be computed from d approximations to the d roots output by another root-finder
or from the output of the algorithm of Sec. 2271 Then we can immediately define approximate
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factorization as follows:

p(l’) ~ Q(‘T) = H (Z’ — Cj)mj H (LZ'C]' — 1)mj

7t ‘Cj|§1 VE |Cj|>1

(cf. (L2) where u; =1, vj = ¢; if |¢j| <1 and where uj = ¢, v; = 1 if |¢;| > 1).

To obtain a closer approximate factorization one can first compute Cauchy sums and then apply
Alg. 213l or 2T.4] (see Sec. RI.5)). In this case, however, the factors (x — ¢;)" and (zc; — 1)™ for
large integers m; can lose their compact sparse representation and can turn into unstructured dense
polynomials with coefficients of large size.

We omit estimation of a relative error bound e = |p(z) — g(x)|/|p|. Clearly, it converges to 0 as
so does the relative maximal error of the root approximation ¢ = |1 —max; |x;/z;||, which converges
exponentially fast when Newton’s, Weierstrass’s, or Ehrlich’s iterations are applied.

23.3 Divide and conquer factorization based on higher order derivatives or on
resultant inequalities

The algorithm of [120], outlined in Appendix [Al computes complete polynomial factorization by
means of recursive divide and conquer splitting of a polynomial p(z) into the product of non-
constant factors. The degrees of the factors could decrease slowly, in up to d — 1 recursive splitting
steps, but in the algorithm of [90] the maximal degree of the factor in every splitting is at most
%-th of an input degree. Consequently, the overall complexity of complete factorization exceeds
the cost of splitting by at most a constant factor and is smaller than in [120] by a factor of d (see
further comments in Appendix[A3]). This is achieved based on combining factorization of p(x) with
factorization of its higher order derivatives, making the algorithm quite involved in spite of its low
asymptotic complexity.

The papers [81], [82] proposed randomized and deterministic algorithms, respectively, based on
some resultant inequalities. The algorithms output approximate factorization of a polynomial p(x) of
degree d into the product of factors of degrees less than d/2 by applying O(d?) arithmetic operations.
Recursive application of these algorithms to the computed factors would also numerically decompose
p(z) into the product of linear factors.

This alternative approach is more transparent than that [90] and is much simpler to implement,
except that the papers [R1} 82] have not elaborated upon extension of their error estimates from a
single recursive step to the entire factorization. Such extension is tedious, but seems to be rather
straightforward.

The work on it, however, has lost motivation and stopped in 1995, when the divide and conquer
randomization of [90] turned out to be nearly optimal. Looking back now, we can see that Kirrinnis’s
algorithm of [60] greatly simplifies, if not trivializes, the error estimation of the algorithms of [811 [82].

This study is interesting theoretically but the algorithms of [81) [82] share with [120] Q0] the
implementation problems where high degree factors appear in recursive splitting processes.

23.4 Kirrinnis’s refinement of polynomial factorization

Newton’s refinement of factorization of a polynomial p into any number s of factors proposed by
Kirrinnis in [60] extends Schonhage’s algorithm of [120] for s = 2 and together with factorization of
p(z) refines the partial fraction decomposition (pfd) of the reciprocal 1/p(x). Here is a simplified
presentation of his algorithm, and we discuss extension of factorization to pfd in Sec.

Given a monic polynomial p of (LI)), we seek pairwise prime monic polynomials fi,..., fs and
polynomials hi,...,hs, deg h; < deg f; =d;j, j =1,...,s, defining the factorization and the pfd,
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such that 1 & B
1 s

p=fi--fsand — = —+---+ —. 23.1

Jrodomnd L=, 7. 251

Suppose that initially 2s polynomials f;o and hjo, j = 1,...,s, are given (see Sec. 23.6]) such

that
fo= fio - fso=p, fjo=~ f;forall j, (23.2)
1 h hg .
— =0 220 and deg(hjg) < deg(fj.0) for all j. (23.3)
fo  fio fs0

Then define Kirrinnis’s refinement of both initial approximation (23.2)) and pfd ([233]) by per-
forming the following computations:

k ‘
Qjk = %, hjk+1 = (2= hjrgjr)hjr mod fjr, 7=1,...,s, (23.4)
-77
fik+1 = fix + (Rjrripmod fr), j=1,...,s, (23.5)
Ter1 = fresr o fops (23.6)
for k =0,1,... Substitute equations ([23.4]) to rewrite equations (23.3)):
Tk .
k= Fikrr = Fige + (2 = hjpgjp)hjpp mod fik), j=1,....s,
-]7

The refinement iterations are simplified where the factors [;;, have small degrees, e.g.,

hjg+1 = (2— hj7kf]/g(zj,k))hj,k

and both hjj and hj,i1 are constants for all k& where f;, = = — 2, is a monic linear factor and
f1.(z) denotes the derivative of the polynomial fj(z).

23.5 The overall complexity of Kirrinnis’s refinement

Three assumptions. Analyzing his algorithm, Kirrinnis assumes that (i) all roots have been
moved into the unit disc D(0, 1), e.g., by means of scaling the variable, (ii) the s root sets of the s
factors fi,..., fs as well as the s root sets of the initial approximations fi,..., fso to these factors
are pairwise well isolated from each other, and (iii) a given initial factorization ([23.2]) and pfd (23.3))
are sufficiently close to those of ([23.1).

Assumption (ii) is satisfied for the factors f;o of the form (z — ¢;)™ where ¢; is a point in
the component C; formed by suspect squares at a subdivision step, m; is the number of roots in
that component, and s is the number of components. Likewise, we can fulfill property (ii) when we
define factors f; o from approximations z; to the roots x; computed by another root-finder or from
the intersection of the unions in Sec. 2.7 provided that we cover every intersections by a nearly
minimal isolated disc and compute its index.

Assumption (iii) is satisfied where the factors are defined by sufficiently close approximations to
the roots.

Under these assumptions (i) —(iii), Kirrinnis’s theorem below states that & iterations of his al-
gorithm for fi, = f1 - fs.k, sufficiently large k, and p(u) = O((ulog(u)), ensure the approximation
error norm bounds

m <27 op=[1—hip2—...—h T | < 9t
p

.. & <
fik 5% ok
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at the Boolean cost in O(du(b' + d)log(d)). By applying the algorithms of [120] s — 1 times one can
obtain similar estimates, but Kirrinnis’s algorithm streamlines the supporting computations. Here
are his detailed estimates.

Theorem 23.1. (See [60, Cor. 1.8 and Def. 3.16].) Let s, d, dy,...,ds be fixed positive integers
such that
§s>2, di+...+ds=d.

Let p, fio, hio, 1 =1,...,s, be 25 + 1 fized polynomials such that p, fi0,..., fso are monic and
deg(fio) = d; > deg(hip), i=1,...,s;deg(p) =d.

Let all roots of the polynomial p lie in the disc D(0,1). Furthermore, let

) 2—9d 2—4d
Ipldo = |p — fi0 - fsol < mm{(sh)w (2sh2)2 }’

fohio — fohsp
fio fso

2—2d

oo = (1 — ( < minf2 7%, =},

FO=T] fi0 and b = max |l
i=1 1=1,...,8

for h; of (231). Let

>~ d; d;
l=1(dy,...,ds) = —log ( —
( 17 ) ) ; d Og(d>
(which implies that | < logs(d) for all choices of s,dy,ds,...,ds and that | = O(1) for s = 2 and
all choices of dy and dg).
Finally let b> 1, by > 1, and k in O(log(b+b1)) be sufficiently large. Then in k steps Algorithm
(237)-(23.8) computes the polynomials fik, hig, --., fsks hsk such that fi,..., fsk are monic,

deg(h; k) < deg (fix) =di, 1 =1,...,s, dlp| < 270 and o < 270,

These steps involve O((dllog(d))log(b+ by)) arithmetic operations in O(b + by)-bit precision; they
can be performed by using O(u((b+ by)dl)) Boolean operations, that is, O(u((b')dl)) fort = b+ by.

Moreover,

e — il < 2%4h6
g?é;‘fl’k fz‘ O‘p’

where p = f1--- fs and fi,..., fsx are the computed approximate factors of p.

23.6 Computation of an initial pfd

1. Transition from factorization to pfd. Given factorization p = f; ... fs one can compute pfd
([23) by applying some well-known techniques of computer algebra [41] or can reduce the problem to
solving an associated structured linear system of equations; see [136 [92] for fast numerical solution

algorithms. If s = d, f; = x —x;, for j = 1,...,d, and all roots x; are distinct, we specify pfd as
follows:
L—Zd: L S S (23.7)
f($)_j:1x_zj7 j_f/(z‘j)’]_ g 00y W .



We can compute the vales hq, ..., hs by using O(dlog(d)) arithmetic operations but may prefer to
increase the cost to O(d?) and to ensure numerical stability.

2. Numerical transition from factors to pfd. Given a set of isolated discs with their indices
summed to d, one can compute a quite close approximate factorization p ~ fi - - - fs by applying the
recipes of Sec. 23.2] although the output may still violate assumption (iii) of Thm. 23]

In [60] Kirrinnis refines this factorization by extending from the case s = 2 the algorithm of
[120], Secs. 10 and 11|, which we recall in Appendix [Bl He first observes that

hio(z) 1 / dz

fio(®) 27 Jo(e, pp) Jo(2)
provided that (23.3]) holds and all roots of a factor f; o of a polynomial fj lie in a §;-isolated disc
D(¢;, pi), for 6; > 1. If this holds for : = 1,...,s and if the values 6; — 1 exceed a fixed positive
tolerance bound for all ¢, then one can closely approximate these s integrals by means of their
discretization at reasonably many equally spaced points on the boundary circles C(c;, p;).

The algorithm is quite involved and tends to be the bottleneck of the entire factorization of
[60], but this is because it has been devised to cover the case where the root sets of the factors are
(1 + 1/d)-isolated. [82] Appendix]| specifies dramatic simplification in the case where the root sets
is isolated, and this is always the case for the factorization of [81] 82] as well as for one defined from
the isolated components computed in subdivision process.

One should not forget about the “side effects" of Sec. RI.2] that is, potential blow up of the
coefficients and loss of sparsity of the numerators A and denominators f in the pfd computed in the
process of refinement of factorization.

One can avoid these “side effects" by initializing factorization only where all roots are covered
with isolated discs D; having small indices #(D;). In particular, one can delay transition from
subdivision to factorization until this provision is fulfilled (cf. Example 21.T]).

23.7 Fast Numerical Multipoint Polynomial Evaluation (MPE)

Multipoint polynomial evaluation (MPE) with FMM. In context of polynomial root-finding
we further recall that the algorithm of [92), [94] evaluates a polynomial of degree d at O(d) points at
the same asymptotic cost of performing FMM, that is, by using O(dlog?(d)) arithmetic operations
with the precision O(log(d)). The algorithm successively reduces MPE to multiplication by a vector
of Vandermonde, Cauchy and finally HSS matrices; the latter operation is performed fast with
FMM. The above reduction steps also require O(dlog?(d)) arithmetic operations with the precision
O(log(d)), but the overhead constant hidden in the "O" notation of the estimated overall complexity
of MPE increases versus that of FMM in such a 3-step reduction.

Next we propose an alternative reduction of MPE to FMM by means of factorization of a monic
polynomial, possibly computed by Kirrinnis’s algorithm of Sec. B34l with our initialization outlined
in Sec.

Algorithm 23.1. Reduction 1 of MPE to FMM via factorization.

Given a monic polynomial p(x) of degree d and m complex points vy, ..., Uy,
(i) fix a sufficiently large scalar v and compute an approzimate factorization

d
4(z) = H(az —gj) = q(x) :=p+v—p0); (23.8)
j=1
(ii) evaluate the polynomial §(x) at m given points vi,...,Vm,, and
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(111) compute G(v;) +po — v = p(v;) for j=1,...,m.

At stage (i) g(x) is closely approximated by the polynomial py H;l:l(aj — I/%chl‘) for (g = exp(zT’Ti)
and large v; hence its refined factorization can be computed very fast, e.g., with MPSolve, and
possibly even for moderately large values of v. One can perform stage (ii) by applying an FMM
variation of [29] and only needs to perform m subtractions at stage (iii); one can compensate
for numerical cancellation in these subtractions by adding about log,(v) bits of working precision
throughout the algorithm.

For a large class of inputs, limited precision increase is sufficient, and one can further limit it
by applying homotopy continuation techniques (cf. [63]), that is, by recursively moving the point v
towards the origin 0 and updating the polynomial ¢(x) and factorization ([23.8)).

Recursive processes in the above papers continue until the roots of p(z) are approximated closely,
but our process can stop much earlier, that is, as soon as the incurred precision increase logy(v)
becomes reasonably small.

Next consider three other alternative reductions of MPE to FMM[*

Algorithm 23.2. Reduction 2 of MPE to FMM via factorization.
INPUT: a monic polynomial p(x) of degree d and m complex points vy, ..., U,

COMPUTATIONS:

(i) Fiz a sufficiently large scalar v and compute an approximate factorization

d

q(z) ~ ¢(z) = dH(:E — ;) for ¢'(z) = p(z) and ¢(0) = v — p(0).
j=1

(i) Compute the values §(v;) for i =1,...,m.
(iii) Compute the values r(v;) = % fori=1,...,m.
(iv) Compute and output the values p(v;) = r(v;)q(v;) fori=1,...,m.

This variation does not require adding order of log(v) bits to working precision. Notice that

r(z) = %/((;)) = Z?:l x%%, and so at stage (iii) we apply the classical FMM of [44] 26] for evaluation
of r(v;), but we still need the FMM variant of [29] for the evaluation of ¢(v;) at stage (ii). In the
next two algorithms we do not use this variation. We again require order of log(v) extra bits of

working precision in the first but not in the second of these algorithms.

Algorithm 23.3. Reduction 3 of MPE to FMM via factorization.
INPUT: a monic polynomial p(x) of degree d and m complex points vy, ..., U,
COMPUTATIONS:

(i) Fiz a sufficiently large scalar v and compute approzimate factorization

d d
(@) ~ G (@) = d[J(z = ), ¢-(2) = G-(2) = d ][] (= — %)
j=1 Jj=1

for ¢ (z) = ¢_(z) = p(x), ¢4+(0) = v = p(0), and ¢_(0) = —v —p(0).

“40ne can also apply Alg. B3lto a polynomial ¢(x) with subsequent evaluation of p(v;) = t'(v;) for all j by means
of the algorithm of [L76], [BS83|.

78



7, (v)

(i1) C’omputer.,.(vi)%q wy and r— (v )%q ( frz—l
(iii) Compute and output p(v;) = % fori=1,.

Algorithm 23.4. Reduction 4 of MPE to FMM via factorization.
INPUT as in Alg. [23.3.
COMPUTATIONS:

(i) Fiz a sufficiently large scalar v and compute approzimate factorization
d
p(x) ~ (@) =pa [ [ (= = 55), p-(2) ~ 3-(2) = pa [ [ (& = %))

where p () — p(x) +p(0) = p(x) = p(0) — p—(x) = v.
(i) Compute ry(v;) = gﬂzz; and r_(v;) = ?Ev’:; fori=1,...,m.

(iii) Compute and output p(v;) = % +p(0) fori=1,...,m

If we seek the roots of p, then the above algorithms enable us to accelerate the key stage of
approximation of p based on fast numerical factorization of g(x) or of a pair of ¢;(z) and g_(x) or

p+(x) and p_ ().

Initial numerical tests of Algorithm 23.4] have been performed by Qi Luan at CUNY for
random input polynomials of degree 40,000. Their coefficients were complex numbers with real and
imaginary parts uniformly generated at random in the ranges [—30, 30] and [—30 i, 30 i], respectively.
The 40,000 knots of evaluation were also randomly generated in the same way as the coefficients.
All computations were done by using 424 bits of precision, and the output values have been obtained
within the relative error bound 2.62e—8.

The evaluation with Horner’s algorithm took 1,256 seconds, while the MPSolve+FMM method
took 2,683 seconds, with the break down into 2,179 seconds for the MPSolve part and 503 seconds
for the FMM part.

For MPSolve the publicly released version was used. A significantly faster version has been
developed by Dario Bini and Leonardo Robol [11] but not released and can be further accelerated
by means of our recipes in Section 22.41

The tests also show that the ratio of the time used for Horner’s algorithm and for FMM increases
as the degree d of an input polynomial increases.

Further tests are planned with the algorithms of this subsection, accelerated MPSolve, and the
accelerated factorization of p(x) of Secs. [23.4] and

23.8 Fast non-numerical MPE

For an alternative, Moenck-Borodin’s algorithm for MPE of [73] was the first one with arith-
metic complexity O(dlog?(d)) for the evaluation of p at O(d) pomts. The Boolean cost of per-
forming that algorithm with a high precision is nearly optimal [60, [I09], but the algorithm fails
when it is applied numerically, with double precision, for d > 50. One can counter this deficiency by
applying some tools from Computer Algebra. Namely, we can evaluate the polynomial over Gaus-
sian integers (by scaling we can reduce to this case approximations with binary numbers defined
by finite number of bits to the real and imaginary parts of complex numbers) and perform most

45See its extensions to multivariate MPE in [65] 48].
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of computations with a reasonably low precision. To do this we first apply the algorithm of [73]
modulo a number of fixed primes of moderate size and then recover the integer output by means of
applying the Chinese Remainder algorithm.

Finally, Horner’s algorithm performs at a much higher arithmetic cost but avoids the growth
of working precision, ends with a slightly superior Boolean cost bound, and so far has been remaining
the method of choice when the designers of polynomial root-finders use MPE.

PART VI

24 Conclusions

Our study leads to some challenging projects.

1. Elaboration upon and implementation of our black box subdivision root-finders and their
simplification for a polynomial given in monomial basis — with its coefficients. [The implementation
work has began in [51] with incorporation of our exclusion tests into the algorithm of [22], continued
in [53, [64], and has already showed that our progress is for real.

2. Further analysis, comparison, combination, and extension of our technical novelties for devis-
ing efficient polynomial root-finders, such as Cauchy sum techniques, exclusion tests, root-squaring,
compression of a disc, randomized root-counting, error detection and correction, and root radii
approximation.

3. Estimation of precision guarantees for a fixed tolerance to output errors or “empirical precision
guarantees", e.g., by means of doubling the working precision recursively, possibly with implicit
deflation.

4. Analysis, implementation and testing of Ehrlich’s iterations of MPSolve, Newton’s, Weier-
strass’s, and Schroder’s iterations incorporating our novelties of initialization based on root radii
approximation, our deflation techniques, and reduction to FMM.

5. Enhancing the power of these and other known efficient root-finders by properly combining
them with various known and our novel techniques such as FMM and our root radii approximation
algorithms.

6. Further study of our novelties and their extensions, e.g., exploration of the links of our
root-finding algorithms to matrix eigenvalue computation

7. Elaboration upon, testing, and implementation of our outline of fast algorithms for polynomial
factorization and multipoint evaluation in Sec. 23]

8. New attempts of synergistic combination of the known and novel techniques and possibly
devising efficient heuristic sub-algorithms for polynomial root-finders.

9. Proof of fast global convergence of Weierstrass’s and Ehrlich’s iterations initialized based on
the techniques of Secs. — 2277 or extension of the divergence results of [117, [115] under that
initialization.

10. Estimation of Boolean complexity of root-finding and factorization for black box, sparse,
and shifted sparse polynomials, including the complexity of semi-certified solution algorithms.

46Remark Bl points out such links. The pioneering papers |15} [I6] and the subsequent advanced works in [12} [5]
explore the structure of the companion matrix of a polynomial. On root-finding via eigen-solving also see our papers
by ourselves and with co-authors [85], [15] [16], 9], 102] 104] 103}, 110} 111} [113]. For example, the paper [113] proposed,
analyzed, and supported with the results of initial tests a number of non-trivial real polynomial root-finders of this
kind.
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APPENDIX

A Recursive factorization of a polynomial and extensions to root-
finding and root isolation

In this section we briefly recall some algorithms and complexity estimates from [120, 122]. We
first recursively decompose a polynomial into the product of linear factors and then extend the
factorization to approximation and isolation of the roots.

A.1 Auxiliary norm bounds

Recall two simple lemmas.

Lemma A.1. It holds that lu+v| < |u|+|v| and |uv| < |u| |v| for any pair of polynomials u = u(z)
and v = v(x).

Lemma A.2. Let u = Z?:O izt and |u|y = (Z?:o \ullz)% Then |ulz < |ul.
The following lemma relates the norms of a polynomial and its factors.

Lemma A.3. Ifp = p(x) = H?:l fj for polynomials fi,..., fi, and degp < d, then H?:l Ifil <
27|ply < 24|p].

Proof. The leftmost bound was proved by Mignotte in [69]. The rightmost bound follows from
Lemma O

Remark A.1. [122, Lemma 2.6] states with no proof a little stronger bound H?:l |£i] < 29|
under the assumptions of Lemma A3 From various factors of the polynomial p(z) = 2% — 1 such

d )
as H;Zl(x —(}) for even d and ¢ of (I3), one can see some limitations on strengthening this bound
further.

A.2 Errors and complexity

Suppose that we split a polynomial p into a pair of factors over an isolated circle and recursively
apply this algorithm to the factors until they become linear of the form uz + v; some or all of them
can be repeated. Finally, we arrive at complete approximate factorization

d
prp* =p () = [z +v;). (A1)
j=1

Next, by following [120] Sec. 5|, we estimate the norm of the residual polynomial
A* =p* —p. (A.2)

We begin with an auxiliary result.
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Theorem A.1. Let

ke
Ne=lp— fio- i < B (A3)
= [fi — fyl Sek\fﬂ, (A.4)
for some non-constant polynomials f1,..., fr, f and g such that
k
axd2' TT1f] < e (A.5)
j=1
Then b+ el
+ 1)e
|Apa| =p— fgfo-- ful < Tp (A.6)

Proof. Ags1 = p— fi--fx + (f1 — fg)f2 - fr|.- Apply Lemma [A] and deduce that Apyq <
Ar+|(f1 = fg)f2- - fx| and, furthermore, that

|(fi—=fo)fa- fel <|fi— fal |fa-- ful = Alfa - fil-

Combine the latter inequalities and obtain Agi; < Ap 4+ Alfa--- fi|. Combine this bound with
(A3)-(AD) and Lemmas [ATl and [A.3] and obtain (A.G). O

Write f1:= f and fr11 = ¢g. Then (A.6) turns into (A.3) for k replaced by k + 1. Now compute
one of the factors f; as in (A.4)), apply Thm. [AT] then recursively continue splitting the polynomial
p into factors of smaller degrees, and finally arrive at factorization (A.J]) with

[A%] < elp]

for A* of (A2). Let us call this computation Recursive Splitting Process provided that it begins
with £k =1 and f; = p and ends with k = d.

Theorem A.2. In order to support (A.3) for0 < e <1andj=1,2,...,d in the Recursive Splitting
Process it is sufficient to choose ey, in [A.4) satisfying

ep d 227 <€ for all k. (A7)

Proof. Prove bound (A.3) by induction on j. Clearly, the bound holds for £ = 1. It remains to
deduce (A.0) from (A3) and (A7) for any k. By first applying Lemma [A.3] and then bound (A.3)),

obtain
Hlle <2d|Hfz| <ot (145 ppl.

The latter bound cannot exceed 2%+1|p| for k < d, ¢ < 1. Consequently (A7) ensures (A.5), and
then (A.6]) follows by virtue of Thm. [A1]

O

Remark A.2. The theorem implies that we can ensure the output precision bound b by working
with the precision of o
b> by =2d+1+1logyd+V

bits throughout the Recursive Splitting Process.
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A.3 Overall complexity of recursive factorization

The overall complexity of recursive factorization is dominated by the sum of the bounds on the
complexity of all splittings into pairs of factors. The algorithm of [90] adopts recursive factorization
of [120] but decreases the overall complexity bound by roughly a factor of d. This is due to additional
techniques, which ensure that in every recursive splitting of a polynomial into the product of two
factors the ratio of their degrees is at most 11. Consequently O(log(d) recursive splitting steps
are sufficient in [90], and so the overall complexity of root-finding is proportional to that of the
first splitting. In contrast [120] allows a linear factor in any splitting and thus allows up to d — 1
splittings, with each of the first 0.5d of them almost as expensive as the very first one (cf. Example

21.10).

A.4 From factors to roots

Theorem A.3. [122, Thm. 2.7]. Suppose that

pzde(x—a:j) D H ), 1p—p| <e€lpl, e <27

and
lzj] <lforj=1,...,d <d, |zj|>1forj=d +1,....d

Then up to reordering the roots it holds that
]yj—a:j]<965forj:1,. ‘——— < 9ed for j=d +1,...,d

By virtue of Thm. [A.3] for ¥’ = O(bd) we can bound the Boolean complexity of the solution of
Problem 1 by increasing the estimate for the complexity of factorization in Sec. [A.3] by a factor of

d.

Corollary A.1. Boolean complexity of the solution of Problem 1. Given a polynomial p of degree
d and a real V' > 7d, one can approzimate all roots of that polynomial within the error bound 27

at a Boolean cost in O(u(b' + d)d? log(d)(log? d 4 log(v'))) = O((¥ + d)d?).

Remark A.3. The study in this appendix covers the solution of Problem 1 for the worst case input
polynomial p. If its roots are isolated from each other, then the upper estimates of Thm. [A.3 and
Cor. [A2 can be decreased by a factor of d (cf. [90]). It seems that by extending [90] one can prove
that the complexity bound of the corollary can be decreased by a factor of d/m if the roots lie in s
pairwise isolated discs D; such that #(D;) =m; fori=1,...,s and maxj_,{m;}.

Based on his results recalled in this appendix Schonhage in [120] Sec. 20| estimates the Boolean
complexity of the following well-known problem.

Problem 5. Polynomial root isolation. Given a polynomial p of (ILT]) that has integer coefficients
and only simple roots, compute d disjoint discs on the complex plane, each containing exactly one
root.

Corollary A.2. Boolean complexity of polynomial root isolation. Suppose that a polynomial p of
(Z1) has integer coefficients and has only simple roots. Let o, denotes its root separation, that is,
the minimal distance between a pair of its roots. Write € := 0.40;, and b := logz(%). Let e < 274
and let m = my ¢ denote the mazimal number of the roots of the polynomial p(zx) in e-clusters of its

roots. Then Problem 5 can be solved in Boolean time O(bdm) for b= %/.
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B Newton’s refinement of splitting a polynomial into the product
of two factors

B.1 A refinement algorithm

By computing Cauchy sums and then applying Alg. RT.3lor 21.4] (see Sec. 21.5)) one can approximate
splitting of a polynomial p into the product of two polynomials f1 o and fo 0,

= f1,0/f2,0, (B.1)

at a nearly optimal Boolean cost O(dlog(d)u(b+d)) (cf. [120,90]). The cost increases proportionally
to (b + d) as b exceeds d and grows, but for large b one can save a factor of log(d) by applying
Kronecker’s map for multiplication of polynomials with integer coefficients (see [39], [78] Sec. 40]).
Schonhage in [120, Secs. 10-12| has elaborated upon this saving. In particular he devised
advanced algorithms for Newton’s refinement of splitting a polynomial into factors, which enabled
him to decrease the overall Boolean cost of splitting (B.)) to O(du(b + d)). The resulting decrease
of the complexity bound of root-finding in [120] was only by a factor of log(d), versus a factor of
d in [90]. Besides Kirrinnis in [60], Gourdon in [40], and ourselves, the researchers little used the
techniques of [120]. Important progress on root-finding with extremely high precision by means of
distinct techniques have been reported in [49]. In our present paper, however, we efficiently combine
some techniques of [120] with ours. Next we outline some of Schénhage’s algorithms and estimates.
Given an initial approximate splitting (Bl one can update it as follows:

p= fii1fe1, fii = fio+hio fo1 = fa0+ hopo, (B.2)

where the polynomials hy g and hg o satisfy

P — frof2,0 = fioh2,0 + h1,0f20, deg(hio) < deg(fio) fori=1,2. (B.3)

This is Newton’s iteration. Indeed, substitute (B.2)) into exact splitting p = f1,1f2,1 and arrive at
(B.3) up to a single term hy ghg of higher order. We can complete this iteration by computing
polynomials hi g and hg o and then can continue such iterations recursively.

From equation (]Eil) we obtain that p = higf20 mod fi, and so h1 g = phy mod f1,0 where
the multiplicative inverse h; satisfies hy f20 mod fio = 1. Having computed polynomials hy and
h1,0 we can obtain the polynomial ks from equation (B.3)) within a dominated cost bound by means
of approximate polynomial division (cf. [121] @, 105} 106 60]).

B.2 Fast initialization of Newton’s refinement

Next we recall Schonhage’s algorithm of [120, Secs. 10 — 12| for Newton’s refinement of a close
initial approximate splitting (B.) (see its extension and an alternative in Sec.

Given an initial approximation hq 0 to hy the algorithm recursively updates i I by computing
the polynomials

ji,O =1- }_li70f2’0 mod f170 and }_Li+1,0 = }_l@(](l +ji,0) mod fl,O for i = 1,2,...

4TWe can compute the multiplicative inverse k1 by applying the extended Euclidean algorithm (ct., e.g., [89]), but
it is not reliable in numerical implementation and produces an extraneous factor of log?(d) in the Boolean complexity
bound. Such an alternative computation of the multiplicative inverse, however, does not require initialization and can
be replaced by the equivalent task of solving a Sylvester linear system of equation, which has displacement structure
of Toeplitz type. See |89 Chapter 5] and [136] for highly efficient solution of such linear systems.
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For any b > d the computations ensure the bound |h;o| < 27° by using O(du(b + d)) Boolean
operations provided that B
m222d |h1’0| < V2 (B4)

where m = deg(f1) < d, v = ming, |51 [p(x)| (see [I20, Lemma 11.1]), and 1 <2 for a constant
¢ (see [120] equation (16.7)]). If in addition

w23 p — £ 0 faol < VY, (B.5)

then the new factors f1; and fo 1 can be computed by using O(du(b+ d)) Boolean operations such
that |p — f11fa1] < Ip| 27°.

One can ensure bound (B.5) by combining Cauchy sum computation and Alg. T3] or RT.4] (see
Sec. 2I.5)). This completes the computation of splitting at the overall Boolean time in O(du(b+d))
provided that within this cost bound one can also compute an initial polynomial 1_1170 satisfying

B4

One can do this based on the following expression of [120, equation (12.19)]:

m—1 m
h170 = ( um_jvj_i>x
=0 j=i+1

where uj, and vy, are the coefficients of the polynomial fio(z) = 2™ + w ™+ +u,, and of the

. 1 _ k .
Laurent expansion 0@ 0@ — >k Upz™, respectively.
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