FAST LINEAR HOMOTOPY TO FIND APPROXIMATE ZEROS

1.

OF POLYNOMIAL SYSTEMS

CARLOS BELTRAN AND LUIS MIGUEL PARDO

ABSTRACT. We prove a new complexity bound, polynomial on the average,
for the problem of finding an approximate zero of systems of polynomial equa-
tions. The average number of Newton steps required by this method is almost
linear in the size of the input. We show that the method can also be used to
approximate several or all the solutions of non—degenerate systems, and prove
that this last task can be done in running time which is linear in the Bézout
number of the system, on the average.
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2 CARLOS BELTRAN AND LUIS MIGUEL PARDO

1. INTRODUCTION

In recent papers [BePa2, BePa3], we have presented an Average Las Vegas algo-
rithm, which is a probabilistic solution to Smale’s 17" Problem [Sma]:

Can a zero of n complex polynomial equations in n unknowns be found approxi-
mately, on the average, in polynomial time with a uniform algorithm?

In the present — pretty self contained — paper, we present a new algorithm which
admits a much simpler analysis. The complexity results of our previous papers are
greatly improved, constants and exponents are sharpened, and we provide a shorter,
more general proof. Moreover, the new proof allows us to extend the result for the
search of more than one solution. Our model of computation is the Blum—Shub—
Smale model (see [BSS] or [BCSS, Ch. 2 and 17]), so exact arithmetic computations
are assumed. As in [Sma], we consider the homogeneous version of the problem, so
our systems consist on n homogeneous polynomial equations with n + 1 unknowns.

Our algorithm is, as some of the most popular polynomial system solvers, based
in the general idea of homotopy (or continuation) methods: let f be the system
we want to solve, and let g be another system which has a known solution (y. Let
ft, 0 <t < T be a path in the vector space of systems with extremes g = fy and
f = fr. Then, one might attempt to lift the path f; to the solution path (f:, ()
with extremes (fo, (o) and (fr,{r) where (; is a zero of f; for all t. In particular,
the method should produce an approximation to {7, a zero of fr.

The reader may note that there are two key ingredients for this general approach:

e The choice of a path f; which can actualy be lifted.
e The choice of the path—following method used to lift the path and thus pro-
duce an approximation to (p.

When studying the complexity of such an algorithm, both ingredients must be
carefully designed and one must try to get a path f; such that the chosen path—
following method requires a small number of arithmetic operations to lift f;.

There are several approaches to the choice of the path f;. Among the most
popular ones is linear homotopy, that is the path f; is the linear path f; = (1 —
t)g + tf. In this paper we use the great circles homotopy that we define now: *
first, note that the zeros of f do not change if f is multiplied by a non—zero number.
Hence, it suffices to consider systems in the unit sphere S contained in the vector
space of systems, see Section 2.1 for a detailed definition. Then, on input f, the
algorithm will choose some g € S with a known zero (p, and f; will then be the
shortest portion of the great circle in S joining g and f. There is just one thing to
decide:

e Where to begin the homotopy? Namely, how to choose (g, (o) ?

The literature contains different approaches to solving this problem. One of
them is Shub & Smale’s conjecture in [ShSm5] where a particularly simple initial
pair is conjectured to be a good starting point for the linear homotopy, in the
sense that it allows to perform the path—following procedure in average polynomial
time. This is still an open conjecture. Other initial systems were considered in

From a theoretical point of view, geodesics in the so—called condition metric (see [Shu2, BeSh])
are known to have much better properties for path—following methods, but up to know there is
no practical way to construct these geodesics.
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[Ren, AlGe, Verl, LLT] (see also references in [BCSS, SoWa]). Among the most
popular ones is the system having as zeros the roots of the unity.

In [BePa2, BePa3] we used a different approach: instead of introducing a deter-
ministic algorithm we introduced a randomized one. Thus, no precise initial pair
is given, but we admitted randomized guessing in some special set of pairs that we
called questor set.

Our new algorithm here also admits randomized guessing but in a set which is
different from the one used in [BePa2, BePa3]. This is the first novelty in our pages
here. The precise description of this new questor set is in Section 2.3.

There also exist different ways to define the path—following method. For instance,
in [BePa2] we used a constant—step Newton procedure to approximate the lifted
path. In [BePa3] we chose the path—following method described in [ShSmb5], thus
yielding, for the first time, an average polynomial time procedure. Other path-
following methods have been described in the above cited literature, some times
accompained by complexity analysis.

It was recently pointed out by Shub [Shu2] the existence of a fast path—following
method which admits a complexity analysis, see equation (2.3) below. This method
has been explicitely constructed in [Bel], and is the one that we choose here. It
performs a number of “homotopy steps”, each of them being one application of
projective Newton’s method.

Our algorithm thus uses the two ingredients outlined above (choice of the path
f+ with randomized (g, (o) and the path—following method of [Shu2, Bel]). We may
informaly write our main outcome as follows.

Theorem 1. The average running time of the algorithm AHMR described in these
pages is O"(N?), where N is the input size (dense enconding). The average number
of homotopy steps is linear in N . In particular, it is an Average Las Vegas algorithm
that answers affirmatively Smale’s 17" problem.

See Section 2.5 for the description of AHMR. Here we use the O™ (soft-Oh)
notation, that is Ry < O7(k) means that there exist constants C, ¢ such that Ry <
Ck(logk)°Vk € {1,2,...}. The technical version of this result (Corollary 9 below)
computes explicitly the bound and is thus more precise.

Our algorithm computes an approximation to some zero of the input system f.
We may then ask: what kind of questions can be answered with this information?
A framework to study this question is that of universal system solvers. Consider
the following “Nullstellensatz—like” question:

Problem (Approximate Nullstellensatz). Given € > 0 and complex polynomials
fiy-y fnyg in variables X4,...,X,, decide whether there is some solution x of
fi=0,..., fn =0 such that |g(z)| < e.

This problem deals with affine (not projective) solutions, while in this paper we
center our attention in the homogeneous case. The relation between these two cases
is however well understood, see for example [BePa3].

A polynomial system solver is called universal (cf. [CGH03] or [BePal]) if
the information contained in its output suffices to answer questions like this one.
Symbolic solvers are typically universal, and so are the numerical solvers which
compute all the solutions of f. On the other hand, a system solver is called non—
universal if it attempts to approximate only one or few solutions of f, thus producing
less information but doing it faster.
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Some solvers can be used as universal or non—universal depending on the needs of
the user. For example, most procedures (as, for instance, those quoted in [SoWal)
can be used to find only one, maybe a few or perhaps all solutions of f. On the other
hand, some non—universal solvers are originally designed to find just one solution,
and it is not clear that we can modify any of them to become universal. No general
method is known and, perhaps, it does not exists. Up to our knowledge, the unique
solvers with proven average polynomial running time are the one introduced in
[BePa3] and the one we introduce here. Both of them were initially designed to
find just one zero. We do not know whether we could transform the algorithm in
[BePa3] to get a universal version of it.

In the case of probabilistic algorithms, an obvious way to get more zeros of f
is running the algorithm several times, and hoping that it will produce different
solutions. We claim the following result, which proves that our algorithm admits
this strategy.

Theorem 2. Let f be a non-degenerate system (i.e. [ has no singular zeros).
Then, every zero ( is equally probable as an output of our algorithm AHMR.

Note that the set of non—degenerate systems is a Zariski open set in S. In
particular, its complement has zero measure. Theorem 2 is proved in Section 10.
An inmediate consequence is the following (see corollaries 26 and 27 for details.)

Corollary 3. Algorithm AHMR may be adapted to compute k approrimate zeros of
k different solutions of a non—degenerate input system, in average time O (kN?),
accepting a small probability that less than k are found. In particular, finding all the
D (Bézout number) solutions of a non—degenerate system can be done in average
time O (DN?), with probability of success greater than 1 —1/D.

The proof of Theorem 2 will easily follow from our analysis of the algorithm.
There exists no similar result for the algorithms we introduced in [BePa2] and
[BePa3]: these last two methods may produce different answers each time they
run, but the exact behavior of the output is not well understood, see for example
the comment in the Review [Ver2]. A natural concept to study how close the
distribution of the output is to the uniform distribution is Shannon’s entropy as
introduced in Section 9.

As another example, the linear homotopy method with the initial pair from Shub
& Smale’s conjecture (which is a non—universal solver) produces always the same
zero of any fixed input system f. This algorithm can be modified by a random
unitary transformation applied to the initial pair, but no result in the lines of
Theorem 2 is known for this modification. Equidistribution of the output with this
randomized version of Shub—Smale’s conjecture has been experimentaly confirmed
(see [BeLe]) for degree 2 systems by computing its Shannon’s entropy.

There are several remarkable technical results in this paper, one of them being the
Main Lemma of Section 5 below, which claims that the Normal Jacobian of certain
natural mapping from the solution variety (i.e. the set of pairs (system, solution)
defined in Section 2) onto its linear counterpart is constant. Thanks to this fact
we can greatly simplify the computations of many integrals, state the precise rela-
tion between the expectation and moments of the linear and non-linear condition
numbers, and produce a short and elegant proof of the existence and generation
of good starting pairs. The reader familiar to the Bézout series and our previous
papers may find in this result the greatest novelty of these pages.
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The manuscript is structured as follows. In Section 2 we introduce the basic
notation and the precise statements of our main results. In Section 3 we recall
the geometrical background of the problem and we prove some preliminary results
which are essentially contained in the literature. In Section 4 we prove an Integral
Geometry result needed for our proofs. In Section 5 we prove the Main Lemma. In
Section 6 we use the Main Lemma to prove a formula that helps to compute many
integrals in the solution variety. In Section 7 the exact moments of the condition
number in the linear case are computed. In Section 8 we combine the reduction
formulas of Section 6 and the results of Section 7 to compute the exact moments
of the condition number in the non-linear case, and the average complexity of
linear homotopy with random initial pair. In Section 9 we use again the reduction
formulas of Section 6 to prove that random initial pairs can be obtained by a
simple procedure. Finally, in Section 10 we prove equidistribution in the output of
the algorithm.

Acknowledgments. Thanks to Michael Shub for many insightful comments and
long discussions, some of which lead to the simplification of several proofs in this
manuscript. Thanks to Alan Edelman for pointing out to us that exact computation
of the moments of the linear condition number was possible. Thanks to the referees
for very helpful comments and suggestions.

2. DESCRIPTION OF THE MAIN RESULTS

2.1. Metrics, solution variety and condition number. Let H ;) be the vector
space of all systems of n homogeneous polynomial equations of degrees (d1, . ..,d,) =
(d) with complex coefficients and variables Xo,..., X,,. Elements in H gy are n-
tuples f = (f1,..., fn) where f; is a homogeneous polynomial of degree d;. Some-
times we think on f as a vector in a high-dimensional vector space, containing the
coeflicients of the monomials of the f;.

Let H(g) be equipped with the unitarily-invariant, Bombieri-Weyl Hermitian
product, sometimes called Kostlan product (cf. for example [ShSm1] or [BCSS,
Sec. 12.1]). Namely, if f = (f1,..., fn) € Hg) and g = (91,...,9n) € H(q) With

fi(X) = Z Cl(a),ngo X0 gi(X) = Z b(a),ngo C X0,
(a)=(co,...,an) ()=(a0,..,an)
ag+-tan=d; apg+-an=d;
then
n d; —1 _
<f7 g> = Z<fiagi>7 <f'ugz> = Z ((O&)) a(a),ib(a),i?
i=1 (@)=(c0,...,tn)

agt o top=d;

where
d; d;! . . . .
= ———— is the multinomial coefficient,
aol DY an!

(@)
and ~ denotes complex conjugation.

One of the main properties of the Bombieri-Weyl product is the invariance under
unitary changes of coordinates. Namely, if U is a (n + 1) X (n + 1) unitary matrix
then the map Hq) — H(q) sending f to foU” is an isometry?. With this product,
the space Hq) is a complex Hilbert space. We denote by S = {f € Hq) : [ f|| = 1}

2It is a common practice to write f o U* instead of f o U. The reason is that the mapping
(U, f) = foU* defines a left action of the unitary group in H(ay, which is useful in some contexts.
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the unit sphere in H gy, and equip it with Riemannian structure inherited from
Hay-

(’I)‘he projective solution set V(f) = {¢ € P(C"™1) : £(¢) = 0} of a generic system
f consists of D = dy ---d,, points. The set of solutions Vs(f) = { € S(C™1) :
f(€) = 0} where S(C™*1) is the unit sphere of C"*1, consists of D great circles.

Here we take the solution variety as the set V = Vig) = {(f,{) € S x P(C"*):
¢ € V(f)}, which is a smooth (real) submanifold of S x P (C"*1) (cf. [BCSS, p.
193]). Note that in some papers, the solution variety is considered as a subset
of P(Hg) x P(C"*!) instead of S x IP(C"*') as here. We equip V with the
metric induced by the product metric in S x IP (C"*1). The unitary invariance of
the Bombieri-Weyl Hermitian product implies that for any unitary matrix U, the
mapping (f,¢) — (f o U*,U() is an isometry of V' (cf. [BCSS, Lemma 3, p. 222]).

Let ' = {(f,¢) € V : det(Df(()Df(C)") = 0}.
Recall the condition number of [ShSm1, BCSS],

tnorm (£€) = [(DF(C) )" Diag(IC|* )], (£:0) € VT,

or finorm (f,¢) = oo if (f,(¢) € ¥’. Here, | - || is the operator norm of a linear map.
An equivalent formula is

21) oo (£,C) = [(Diag(IC|*~%d; YDA, (£,¢) eV,

where Df(())T = Df(¢)(Df(¢)Df(¢)*)~! denotes the Moore-Penrose pseudo-inverse
of the full-rank matrix D f(¢). Note that the affine representative chosen for ¢ used
to compute fnorm (f,¢) is not relevant, namely pinorm is well-defined as a mapping
in VCSxP(C"1), as far as Df(¢) is of maximal rank.

2.2. Approximate zeros and the linear homotopy method. An approximate
zero 2o € P(C™Y) of f € H(ay is a projective point, such that successive iterations
of projective Newton’s method of [Shul], z — z — (Df({) |c+) "' f(2), converge
quadratically to an actual zero ¢ € IP(C"*1) of f (cf. [Shul, Shu2] for background).
Namely,

dr(z1,¢) < QTl_ldR(Z(),C)

where dg is the Riemannian distance in P (C"*1) and z; is the [-th iteration of
projective Newton’s method, with starting point zy. Sometimes a distance different
from dp is used for this definition, but here we follow [Shu2] where the Riemannian
distance dg is used.

The linear homotopy method is a procedure designed to approximate solution
paths in V. Given an input system f € S and a pair (g,{o) € V such that f #
—g, the linear homotopy generates a polygonal line that approximates the curve
L(f,9,¢) = {(ft,¢)} €V, where f; parametrizes the short portion of the great
circle joining g and f and (; is defined by continuation. We can write the following
formula for f,

t 5 o= geos(t) + LZBNLII Gyt e 0, dn(f )],
1— Re((f.9))
where dg(f,g) is the Riemannian distance between f and g. This path is well-
defined and smooth if some regularity conditions are satisfied, i.e. not intersecting
the variety ¥’ (cf. [ShSm1]).
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Associated with T'(f, g, (o) we consider the quantity

(2'2) C(f7 g, CO) = / Unorm(h7 Ch)Q dLﬁga

h€Ly 4

where ¢}, is the unique solution of h lying in I'(f, g,(o) and Ly, is the (shortest)
portion of the great circle joining f and g.

In [Shu2, Corollary 1], it was proven that the number of steps of projective
Newton method sufficient to approximate the path T'(f,g,¢), and thus produce
an approximate zero of f, is at most Cdg/ZC(f,g, o), where C' is a constant and
d = max{d; : 1 <i <n}. The actual algorithm was not described in [Shu2], only
its existence was proved. The specific description of the method has been done
in [Bel]. An alternative has recently been presented in [BuCu]. In [BeLe, Ley],
an implementation of the homotopy algorithm of [Bel] has been implemented in
Macaulay?2?.

With the assumption of exact arithmetic computations of the Blum—Shub—Smale
model of computation, the homotopy method of [Bel] is guaranteed to produce an
approximate zero of f. The total number of projective Newton method steps is at
most

(2.3) Cd*?C(f,g,¢), with C a constant.
If this number is not finite, then the method shall never end.

Remark 4. The number of projective Newton steps, both in theoretical studies
(IShu2, Bel]) and practical experiments ([BeLe]) can be bounded by the length of the
path (fi, ;) in the so—called condition metric (i.e. the condition length of the path).
This provides a better bound than the one of equation (2.2), but it is not know how
to transfer it into algorithmic design. We do not discuss these details here, and we
simply use the fact that the condition length of (fs, ;) is at most v/2C(f, g, Co)-

Let N+1 be the complex dimension of H4). From [BaSt], a polynomial system f
and all its partial derivatives can be evaluated in O(N). Adding the cost of solving
the linear system of Newton’s operator, the number of arithmetic operations needed
for Newton’s method is thus O(N + n3). Hence, the total number of arithmetic
operations needed to produce an approximate zero of f by approximating the path
L(f,g,C), is at most

(2.4) CA*2(N +n*)C(f, 9,G), C a constant,

Thus, to study the complexity of this algorithm we must bound C(f, g, (o).
Our first result claims that the average value of C(f, g, (o) is surprisingly small
for random choices of f, g and solution ¢, € V(g).

Theorem 5. Let E denote expectation. Then,

1 T 1\t T
Efes | Eges D Z C(f,9,¢) = §N (n (1 + n) —2n — 1) < EnN
CEV(9)

3Such an implementation is the first one that has certified output and at the same time attains
the complexity bounds of [Shu2]. Comparisons with [LLT, BHSW, SoWa, Verl, AlGe] are also
discussed there.



8 CARLOS BELTRAN AND LUIS MIGUEL PARDO

The proof of this result is in Section 8. As a self-interesting intermediate result
we obtain the exact moments of the condition number both in the linear and non-
linear cases (see Theorem 23 and Section 7).

Theorem 5 already suggests a strategy for choosing an initial pair (g,(p) for
the path-following algorithm: First, choose at random a system g, then randomly
choose a solution (y of g. According to Theorem 5, this procedure is expected to
produce initial pairs with small average value of C(f, g, (o). However, this choosing
procedure may look difficult, as it requires to solve a random system of equations,
while the problem treated in this paper is precisely system solving. Our second
result will prove an alternative to this process , which uses only simple procedures
from linear algebra.

2.3. How to randomly choose a root of a randomly chosen polynomial
system. In short, the alternative method for randomly choosing an initial pair
(g, Co) works as follows: Choose at random a full rank n x (n + 1) matrix M, and
compute its solution (. Then, construct a polynomial system with solution (g
whose “linear part” at (y is given by M, and add a random higher-degree term.
Linear and non-linear parts must be correctly weighted.

We provide now the precise description of this process, which requires the intro-
duction of some notation. Given a Hilbert space W, we denote by B(W) and S(WW)
the unit ball and the unit sphere in W. For ¢ € P(C"*!) we consider the vector
subspaces of H ),

Re={h € Ha :h(¢) =0, Dh(¢) =0}, Lc=(Ro)*.

The structure of R; and L; are better understood if we first fix ( = eg =
(1,0,...,0)". Indeed, R, is the set of polynomial systems h = (h1,...,hy) € Ha
such that h(eg) = 0 and Dh(eg) = 0, namely

hi(X) = X8 2pa, o (X1, -, Xo) 4+ Xopr (X1, -+, X)) +p0(X1s -, X0),

for some polynomials p;,0 < j < d; —2. Thus, a polynomial system A is in R, if all
the coefficients of the monomials containing Xgi and Xgﬁl are zero. Reciprocally,
a polynomial system A is in L., if all the non zero monomials contain Xgi or Xgiil.
Note that for such a h € L., we have that h(1, X1,...,X,,) defines a linear function
of Xi,...,X,. Thus, for any h € H4) we can think on the orthogonal projection
of h onto L as the “linear part” of h with respect to eq.

Now, let ¢ € S(C™*!) and consider a (n + 1) x (n + 1) unitary matrix U such
that Ueg = (. Then, by the unitary invariance of the Bombieri-Weyl product in
H(q) we have

Re={hoU*:h€ Ry}, Lc={hoU*:h€ Ly}

Choosing a random point in B(R¢) is now easy: just choose a random point in the
more simple space B(R.,), find a unitary matrix U whose first column is ¢, and
construct the system ho U*.

Note that H ) is the set of n x (n+1) matrices, with the usual Frobenius norm.
For M € Hyy and ¢ € V(M) = {¢ € S(C™*!) : M¢ = 0} (the unit norm affine
zeros of M), let (M, () € L¢ be the system of equations defined by

(2.5) o(M.()(2) = Diag((z, ()% d;/*) M.
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Note that ||@(M,¢)|| = [|M|r and D(p(M,¢))(¢) = Diag(d,’*)M (see the proof
of Lemma 21 below.) Again, these formulas become clearer if we first fix { = eg.
Then, M = (0 | A) where A is a square matrix of size n. Let a;;, 1 <14,j < n be
the entries of A, and let (M, () = (f1,..., fn). Then,

FilXo,. o Xo) = di2XE7 DT ay X,
1<j<n
Note that (M, eq) is in Le,, and similarly ¢(M, () € L¢ for any (M, ¢) € Viyy.
Then, consider the set Y C B(CVT1) x S(C™*) x B(H(a)),
Y = {(M,1,¢, h) : det(MM*) # 0, MC = 0,h € R¢}.

Here, a point (M,1) € CN*1 consists of a n x (n + 1) matrix M and a vector [
containing the rest of coordinates. Then, |[(M,1)||> = ||[M|% + ||I||? is the usual
product norm. We consider Y endowed with the o-algebra inherited from the
ambient space, and with measure given by

Vol(A) = / / / xa(M,1,¢,h) dR; dVs(M) dCNT
(M,)eB(CN+1) JeeVs(M) JheB(Re)

where x4 is the characteristic function of a measurable set A C Y. Let
G(d) : Y — Vd
(M,1,¢,h) (g/llgll )

= V1= [[M[2h(2) + ¢(M, () (2)-

Remark 6. Note that Y has been endowed with a product-like measure. Hence,
randomly choosing an element (M,1,(,h) € Y amounts to choosing (M,1), choosing
an element ¢ of norm 1 in the kernel of M, and then choosing an element in the
vector space R¢. See the appendiz for details.

where

Consider the set G(g) = G(q)(Y') with the push-forward measure inherited from
G(ay (i.e. to choose a random point in G4y, we choose a random point y € Y and
compute Gq)(y)). Note that G4 = V(g) \ ¥’ as sets, although they have different
measures.

The following remarkable result justifies the definition of G(4y: Choosing random
pairs in G(gy serves to emulate the probability distribution obtained when choosing
a random solution of a random system. But the former process is much easier!

Theorem 7. Let © : Vg — [0,00) be a measurable mapping such that ©(f,() is
invariant under (real) scaling of f, and let G(q) be the set defined above. Then,

1
E(QvC)Gg(d)( (g C)) QES D Z @(9»40)

Co€V(g)

Namely, randomly choosing a pair (g,¢) € Ga) is equivalent to randomly choosing
a solution {y of a randomly-chosen, polynomial system g € S.

The proof of Theorem 7 is in Section 9.

A reader interested in the practical construction of random points in G4y might
find useful the following recipe: Choosing a point at random (g, () € G(g) is done
by choosing a point at random in y = (M, C h) € Y and taking

Gay() = (9/ll9ll,¢) € Gy, where g(z) = /1 —[[M||2h(z) + ¢(M,()(2)
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Once that y = (M,[,(,h) is fixed, it is easy to compute G(qy(y). On the other
hand, to choose a random y € Y we must follow the following process:

(1) Choose at random (M, 1) € C"'+n x CN+1=n"—n — CN+1 with the uniform
distribution in the unit ball for the usual Euclidean norm in CV*!. Note
that M is a (n? + n)-dimensional complex vector, that we consider as a
n X (n 4 1) complex matrix. At this point we may discard  and just keep
M. The reader may think that choosing (M, 1) is not a good idea, as we will
immediately discard [. As a matter of fact, it turns out that the probability
distribution needed for M is exactly the one obtained by choosing (M, 1)
and then projecting on the M coordinate. Thus, choosing (M, 1) in the unit
ball and then discarding [ is precisely what we need to do.

(2) With probability 1, we have produced a matrix M whose kernel has complex
dimension 1. We let ¢ be a unit norm element of Ker(M). Note that ¢
has to be chosen at random in such kernel, so we may compute it by any
means, and then multiply it by a complex number of modulus one chosen
at random with the uniform distribution in the unit complex circle.

(3) Now we choose any unitary matrix U such that Ueg = ¢. For example, we
can start with some maximal-rank matrix whose first column is ¢ and then
apply Householder reflections to get U. The matrix U can again be chosen
by any means.

(4) Choose a system h at random in B(R,,), that is the unit ball (for the
Bombieri-Weyl norm) of R.,, which we have seen is a well-defined space
with a very simple description. Then, consider h = hoU*. As we said above,
this process is equivalent to choosing at random h € R¢. The advantage of
the procedure we have just suggested is that it does not need to compute
a orthogonal basis of R..

(5) Thus, we have produced y = (M,l,{,h) (where | can be discarded), which
we then input in the mapping G4y above to obtain the initial pair (g, ().

Although the process that we have just described may seem difficult and involves
many notations, it is actually very simple for a computer to perform these oper-
ations. In [BeLe] the first author, with A. Leykin, implemented this process to
generate random initial pairs.

2.4. Good starting pairs. Note that for fixed (g,¢) € V, the number A(g, () =
Efes (C(f,9,¢)) provides a bound for the average number of projective Newton
steps needed for computing an approximate zero of f € S.

A vpair (g,¢) € V is a good starting pair if A(g,() is polynomial in n, N, d.
Formally, we look for pairs (g(a), () such that A(g(a),(@a)) < p(n, N,d) for any
list of degrees (d), where p : R® — R is some fixed polynomial.

Corollary 8 (Existence and generation of good starting pairs). Let (g,¢o) € G(a)
be chosen randomly. Then, with probability at least 1/2, (g,¢o) is a good starting
pair, and

A(g,¢) < mnN.

Proof. From Theorems 5 and 7 and Fubini’s Theorem, we conclude that

(2.6) Eg.0egw (Bres (C(f9,¢)) < gnN'

The corollary follows from Markov’s inequality. O
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2.5. Average Las Vegas Algorithm. Note that for fixed f € S, the number
E.0)e60 (C(f,g,¢)) provides a bound for the average complexity of approximating
a homotopy path to solve f, where (g,() € G4y are chosen randomly. This leads
to the notion of Average Las Vegas algorithm.

Recall that a probabilistic algorithm is called Las Vegas if, for a given input
x, it randomly generates an element y in some set, and performs a deterministic
algorithm with input (z,y), in such a way that:

e If an answer is given by the algorithm, it is a correct answer.

e For every z, the running time ¢(x) of the algorithm is polynomial in the
size of the input. Note that the running time for a given choice of y may
depend both in z and y, so we should denote it by #(x,y). The running
time ¢(z) on input x is then defined as the average of the running times for
random choices of y, i.e. t(x) = E,(t(z,y)).

The algorithm introduced in this paper is an Average Las Vegas algorithm, namely
the same properties are satisfied but the second one is relaxed to

E{z:size(m)SK} (t(l‘)) < p(K)

for some polynomial p. That is, the average running time of the algorithm is
polynomial in the size of the input. Our algorithm is

ADAPTIVE HOMOTOPY METHOD WITH RANDOM INITIAL PAIR (AHMR)

Input: f €S.

e Choose randomly (g, (o) € G(a)-
e Approximate the curve I'(f, g, ) using the homotopy algorithm of [Bel].

Output: An approximate zero of f, with associated zero the unique zero of f
lying on I'(f, g, o).

Corollary 9. The algorithm described above is Average Las Vegas, with average
number of Newton steps at most Cd>/?>nN (C' a constant) and average running time
(number of arithmetic ops.) O(d*/*>nN(N + n?)).

Proof. From Theorems 5 and 7, we conclude that

71'
(2.7) Efes (E(g,g)eg(d> (C(fag7C))) < 5ndV.
The corollary follows from the complexity bounds of equations (2.3), (2.4). O

The reader may compare the estimate of Corollary 9 with the one of [BePa3],

O (n"N3).

Corollary 9 proves that AHMR yields a solution to Smale’s 1 problem. As
many other well-known algorithms in Numerical Analysis and Computer Science,
our algorithm is probabilistic. Namely, it starts by making some random choices and
then performs some operations on the input and the random choices. It is however
uniform as demanded by Smale’s problem. The question of finding a deterministic,
uniform algorithm for Smale’s problem remains open.

7th
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2.6. How to randomly choose a root of a given polynomial system. As
mentioned in the introduction, if f € S is such that all of its zeros are regular,
then the algorithm AHMR with input f produces an approximation to one of the
zeros of f, all of them being equally probable. This is an interesting feature of our
algorithm, and the reader may realize that it allows us to power up the random
choice method of Section 2.3: in that section we have seen that it is possible to
choose a random zero of a random system of equations. Using AHMR we are then
able to approximate a random zero of any fixed system in quadratic time in the
dense input length! (asking only that this system has no singular zeros.) This
feature is not known for any other average polynomial time algorithm that solves
systems of multivariate polynomial equations. This property may be used, for
instance, to answer questions about the average value of a function defined in the
zeros of some given input system f. It may also be applied to compute by homotopy
methods solutions of input systems f that satisfy certain constraints provided that
the probability distribution of the solutions with respect to the constraints is known
(cf. as, for instance, being real as in [BoPa]).

2.7. Relation to other works. To the knowledge of the authors, the unique
(proven) uniform average polynomial time algorithm to find a zero of a system of
polynomial equations is the one of [BePa2] (which assumes a small probability of
failure) and its Average Las Vegas version [BePa3]. Those two papers describe a
probabilistic solution to Smale’s 17th problem, as does this.

There is a huge bibliography on the complexity analysis of methods for solving
polynomial equations that we do not intend to summarize here. See [BePal] and
references therein. The approach here (as well as that of [BePa2, BePa3]) was
originally inspired by the works [ShSm1, ShSm2, ShSm5, ShSm4].

Several articles, some of which have already appeared, have followed this man-
uscript. In [BeSh] the variance of Algorithm AHMR is proven to be polynomial in
the input size, and some higher moments are shown to be finite. In [BuCu] some
of the results in this paper are combined with smooth analysis techniques to show
a deterministic way to choose the initial pair (g,(p) in such a way that the total
complexity is close to polynomial, O(N'°&!°eN)  For that purpose, [BuCu] com-
bines the homotopy algorithm with that of [Ren]. In [BeLe] an implementation in
Macaulay2 of algorithm AHMR is presented.

3. THE UNDERLYING GEOMETRY

In this section we summarize some notions and results which are essential for
the understanding of our proofs. The results in this section are already implicitely
present in the literature, so we just recall them for the sake of completeness.

Some of the main advances in [ShSm1, ShSm2, ShSm5, ShSm4] are due to the
smart explotation of a geometric structure related to the polynomial system solving:
the solution variety. This variety can be defined in several manners, depending on
the space where the two components (f, () are. Here, we have already defined it as

V={(f,) eSxP(C"): (e V(f)} CSxP(C") C Hy x P(C").

One can also consider the affine solution variety allowing the systems to be in the
vector space instead of the sphere S, and the zeros to be in the sphere instead of
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P(Cn+1)’

V= {(f,0) € H(y \ {0} x S(C") : £(C) = 0} € H(q) x S(C").
The following result easily follows from the arguments in [BCSS, p. 193, proof of
Prop. 1].

Proposition 10. V is a smooth real submanifold of Hqy % S(C™*Y) of dimension
2N + 3. Its tangent space is

TV ={(f,6) € Hiay x T2 F(Q) + DF(O)E =0, Re((, ) = 0}.

Moreover, V is a smooth submanifold of S x P (C"*1) of dimension 2N + 1, that
is equal to the dimension of S.

Proof. Consider the set
V={(£,0) € Ha) \ {0} x C"\ {0} : F(() = 0} C H(q x C".

Following [BCSS, p. 193, proof of Prop. 1], we have that V is a smooth, complex
submanifold of H g x C"*!, of complex dimension N + 2, and its tangent space is

TiroV = {(f,0) € Hay x T f(Q) + DF(C)E = 0.

Note that polynomial systems in H (4 contain homogeneous polynomials and
hence a point ¢ € C"*1\ {0} is a zero of f € H(y if and only if X is a zero of f,
for any A € C\ {0}. Thus, V is transversal to H(ay X S(C™*') and the set

VN (H(d) X S(Cn+1)) =V
is a smooth real submanifold of H4) x S(C"*!) of dimension 2N + 3, as claimed.
The formula given for its tagent The tangent space of V is then

TiroV = {(f,0) € Hay x T2 f(Q) + DF(C)C = 0, Re(¢, ) = 0}.
The same argument shows that the set
{(£,0) €SxS(C™1): f(¢) =0} S S x S(C™)

is a smooth submanifold of S x S(C"*1) of dimension 2N + 2. Finally, our solution
variety V' is the quotient of this last set by the free action (f,¢) — (f, A¢) defined
for ¢ € C, || = 1. Hence, V is a smooth submanifold of S x IP(C"*1) and the
dimension of V is 2NV + 1. O

An important subset of the solution variety is the set
Y ={(f,¢) € V:rank(Df(¢)) <n} CV,

that is the set of pairs (f,() such that ¢ is a singular zero of f. We define the
discriminant variety

Y ={feS:(f ¢ e for some ¢ € V(f)},

that is the set of systems which have some singular zero.

Proposition 11. The set ¥ is an algebraic subvariety of S of (real) codimension
2. There exists r > 1 and a decomposition

Y=K U UK,

where each K; is a smooth embedded submanifold of S of dimension at most 2N —1.
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Proof. We use a standard argument in Algebraic Geometry. First, note that the
set

{f € P(H(qg)) : f has some singular solution}

is a proper, complex algebraic subvariety of IP(H4)) (see for example [BCSS, p.
198]). Here, by proper we mean that the set is strictly contained in P (#H4). Thus,
the set

S={fe H(q) : f has some singular solution}

is a proper, complex, homogeneous (i.e. containing the lines thorugh the origin)
algebraic subvariety of Hs). Thus, the real codimension of ¥ in Hq) is 2 and
Y =3NS isan algebraic subvariety of S of real codimension 2.

On the other hand, from [Har, Th. 5.3] we have that 3 = K1 U H where K} is
a smooth submanifold of H 4 (consisting on the simple points of $) and H is a
complex homogeneous algebraic subvariety of H4) of complex codimension at least
2. Inductively, we can write

S=K U UK,

where each K, is a smooth homogeneous submanifold of H 4y and the real dimension
of each K ; is at most dim(H4)) —2 = 2N. The decomposition in the proposition
follows, taking K; = Kj NS. O

Recall that for f,g € S, f # g, Ly 4 is the (shortest) portion of the great circle
from g to f. We prove now that for almost every choice of (f,g) € S x S the arc
Ly 4 does not intersect X.

Proposition 12. The set
S={(f9) €SxS:Ly,NZ#0}

has zero measure in S x S. Moeover, for (f,g) ¢ S and for h € Ly 4 the zeros of h
can be continued from (and are thus in one to one correspondence with) the zeros
of g, following the arc Ly 4.

Proof. Note that
S C (X x S)U Image(P),
where @ is the following C'*° map,

d: (S\I)xELx(0,2r) — (S\T) xS
(9,h,0) > (9, f)

where f € S is the system in the great circle containing g, h, at distance 6 from
g (in the direction from g to h). It is not difficult to give a precise formula for
h but we do not need it. From Proposition 11, I'mage(®) is a finite union of
sets, each of which is the C'*° image of a smooth manifold of dimension at most
2N —14+2N+1+1=4N+1, thus a null set in S x S which has dimension 4N + 2.
The first assertion of the lemma follows.

The second claim is an easy consequence of the Implicit Function Theorem ap-
plied to the projection 7y : V' — S, which is locally invertible if (f,() & ¥'. See for
example [ShSm5, Paragraphs 1-4, Sec. 2] or [BePa3, Prop. 3.1]. |
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4. AN INTEGRAL GEOMETRY FORMULA

The following result allows us to rewrite the quantity of Theorem 5 in terms of
the expected value of the condition number in S.

Theorem 13.

Ees [Eges | 2. C(f.9.60) | | = 5Bres | D o (£.0)

C€EV(9) CeEV(S)
Proof. Let S be the set of Proposition 12. Then, for every (f,g) € (Sx S)\ S and
for every h € Ly 4, the mapping
Vig) — V(h)
¢ = b, =V(h)NT(f g,
is a bijection. Here, T'(f, g, () is the path defined in Section 2.2. Thus, we can write
V(h) = Ugyev(gn(¢). In particular,

> Clfig:6) = Y /h pnorm (h, 1(h, G0))? Ly =

oV (9) eV (g) ThEL1g

A Z :unorm h C) deg

€Lis cevin)
Using Fubini’s Theorem, we then have
(4.2)

1
Efes | Eges C(f.9:G) | | = 7/ / ¢(h) dLy 4 d(SXS),
’ COGZV(Q) VOZ(S)Q (f,9)€SxS JheLy g

(4.1)

where ¢(h) = Zcev pnorm (R, €)%, We claim that for any measurable non—
negative function q& : S — R the following holds,

1 N T .
43 7/ / $dLys, d(S xS é ds,
(43) Vol(S)? Jis.g)esxs Jher;, ra 4l )= 2Vol(S) Jes

which together with (4.2) readily implies the theorem. To prove (4.3), note that
the unitary group U(N + 1) acting on S defines a transitive left action. Seing f as
a vector in CV*t1 whose components are the coefficients of the monomials of the
fi’s, the action will send

(U, f) > AUATLS,

where A is a diagonal matrix containing (a d? ) in the position corresponding to
0 Qn
the monomial X --- X of f;.
From the uniqueness of invariant measures (see for example [SeKu, Cor. 7.5.1]),
the existence of this transitive group of isometries in S implies that

(4.4) / / G dLysyd(S xS) =\ ¢ dS,
(f,9)eSxS JheL; 4 fes

for some constant A € R. Take ¢ = 1 in (4.4) to get
|| dn(s.9) dsas - dn(f,9) d(S x ) = V().
fes Jges (f,9)ESXS

From Lemma 14 below we conclude that A = Vol(S)n/2, and (4.3) then follows.
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d

Lemma 14. Let k > 1, and let R¥*1 be endowed with some inner product (-,-)1.
Let the unit sphere S1 = {x € R**! : ||lz||y = 1} have the Riemannian structure
inherited from (RETY (-.)1). Then, for any x € S; we have

/ dp(z,y) dS; = Vol(S1) ™,
yeST 2

where dg is the Riemannian distance in Sy.

Proof. As in [BCSS, pp. 225,226], we have that dr(z,y) = arccos(x,y); where
arccos is chosen in [0, 7]. Thus,

/ dr(z,y) dS1 = / arccos(z,y)1 dSi.
YyES1

YyEST

Now, g(y) = (arccos{x, y)1 — 7/2) is an odd function for g(y) = —g(—y). Thus,

/ (arccos(x,y)l — E) dS1 =0,
yES1 2

which implies
T T
/ arccos(z,y); dS1 = / —dS; =Vol(S1) =,
yeS yES1 2 2
as wanted. (]

5. JACOBIAN AND THE SOLUTION VARIETY: THE MAIN LEMMA

Recall from Proposition 10 that the affine solution variety V is a (real) smooth

manifold of dimension 2N + 3. We equip V with the Riemannian metric inherited
from that of H 4 x S(C™*).

With the notations above, the set V(l) ={(M,¢): M € Hy),¢ € S(C™), M( =
0} is the linear solution variety. The metric in 17(1) is then given by,
(M1, (1), (M2, C2)) = (My, Ma)F + (1, C2),
where (M7, M3)r = trace(M1My) is the usual Frobenius product and for ¢ = 1,2
we have

(M;,¢) € TiwoyViay = {(M, () € Hyy x T M¢+ ME = 0,Re(¢,€) = 0}.

The formula for T} M,g)Vu) follows from Proposition 10.
Recall that for a mapping ® : M — M’ where M, M’ are Riemannian manifolds,
the Normal Jacobian of ® at x € M is

NJ(®)(z) = det (A |(ger(a)~), where A= D®(z).
Equivalently,

NJ(@)(x) = Vol(Parallelepiped(Avy, ..., Avy))
~ Vol(Parallelepiped(vy, . . ., vy))

where v1, ..., v, form a basis of Ker(D®(x))+.
Consider the mapping

n: v —
(f;0) = (DO Q)
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The following technical lemma is a key result for the main outcome of this
manuscript.

Main Lemma. Let d > 2. Then, the Normal Jacobian offI is constant and equal
to D™.

Proof. For any unitary matrix U of size (n+ 1) x (n + 1) we have the commutative
diagram

LI 7 (f.0) = (DF).O
I ! )
vV YV (feUNUQ) s (DFQU,UC)

Thus, from [BCSS, Lemma 4, p. 244] we have NJ(II)(f,¢) = NJ(I)(f o U*,U¢).
By choosing U such that U¢ = eq = (1,...,0)7 it then suffices to check the result
for ¢ = eg. Note that

DII(f,e0)(f,¢) = (Df(eo) + D f(e0) (¢, ), €)-
Here, D(Q)f(eo)(é7 -) is seen as an element of TH 1y = H (1), the only one satisfying
D® f(eo) (¢, )z = DP f(eo)((,x), Vel

It follows that Ker(DII(f,e0)) = {(f,0) € T(fyeo)f/ : Df(eo) = 0} = R,,, namely
the set of pairs ( 1, 0) such that every monomial of the polynomials of f is at least
quadratic in Xq,..., X,,. We claim that

(5.1) Ker(DI(f,e0))" = PL @ P, ® {(0,ie)},

where

Py = {((flv . ~7fn)70) : fz(z) = Zaijzgﬁlzj,aij € C},
j=1

Py ={((f1,--, fa), Q) s fi(2) = aizgiaai = —(Df(e0)<)i}-
For (5.1), note that every element in P; & P,@®{(0,1i eg)} is contained in T(f’eo)f/ and
is orthogonal to K er(DfI( f,eo0)) and then use the following dimension argument:

dimg (P;) + dimg(Py) + dimg({(0,i e0)}) = 2n* 4+ 2n + 1.
dimp (Ker(Df[(f, eo))l) = 2N + 3 — dimp (Ker(Df[(f, eo))) =
2N +3— (2N +2—2n — 2n) = 2n + 2n + L.

A complex orthogonal basis of the complex subspace P; is given by the set
{Diag(zg"i_l)éijzj : 1 <4,j < n} where §;; is a matrix identically equal to zero
with a 1 in the position (¢,7). Note that the vector of the basis corresponding to
di; has a Bombiery-Weyl norm equal to d; /2, Also,

(5.2) DII(f, e0)(Diag(z5"~")81525,0) = ((0 6;;),0).
On the other hand, for (f,¢) € P, we have
Df(eo)eo = Diag(—d;(Df(eo)¢)s) = —Diag(d;)Df(eo)C.

Using that D(Z)f(eo)(CBO) = Diag(d; — l)Df(eo)é (see Lemma 15 below), for
(f,¢) € P, we conclude

(Df(eo) + D@ f(eo)((,-))eo = Df(eo)eo + D fleo) (s e0) =
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—Diag(d;)D f(eo)¢ + Diag(d; — 1)D f(eo)( = —Df(eo)¢.
Thus, for (f,¢) € Py we have

(5-3) DII(f,e0)(f,0) = ((=Df(e0)S | M), (),
where M is some n xn matrix that we do not need to compute explicitely. Similarly,
(5.4) Dﬁ<f7 €0)(0,ieg) = ((0 | M),ieo),

where M is again some n X n matrix. The volume of a parallelepiped in affine
space does not vary if a multiple of the vector defining one edge is added to another
vector. Hence, to compute the volume of the parallelepiped generated by the vectors
obtained in equations (5.2), (5.3), (5.4), we can omit the matrices M in (5.3), (5.4).
We conclude that

Volg, 5, (=Df(e0)(ej) | 0),¢5):j=0...1)

Volp,(~Diag(z ) Df(ca)(e;), ;) < = 0...n)

VOlTﬁ(f,eo)V(l) (((51']', 0) : ’L,j =1... TL)
Volp, ((Diag(z§~1)8;;2;,0) 1 i,j =1...n)
Note that the first of these two quotients is equal to 1, for
((=Df(eo)(e;) | 0),¢;), (=D f(eo)(ex) | 0),ex)) =

((=Diag(z§")Df(eo)(e)), €;), (—Diag(z§)Df(eo)(ex), ex)), Vi k=1...n.
Moreover, the second factor in (5.5) is easy to compute, as the vectors appearing
are orthogonal: The numerator is equal to 1 and the denominator is equal to

11 IDiag(=5")6:211° = [ &' =D

Ty

NJ (gl =

(5.5)

ij=1 ij=1
The lemma follows. Note that in the last formula we have to consider || - || for the
computation of the volume, because we are dealing with complex vectors. ([

Lemma 15. Let f € Hq) be such that f(eo) = 0 where eg = (1,0,...,0) € C"*1.
Then, for any C € C™"*! we have:

D f(e0)(C, €0) = Diag(di = 1) D (e9)<.
Proof. Let f = (f1,..., fn). Fixi e {l,...,n} and write

filzo,e ooy zn) = 28NS gz + 2 bz 2T ().
j=1 i<k
A straight forward computation shows that the gradient of f; at eq is Vf;(eg) =
(0,a1,...,a,). Thus,
Dfi<eo)< = (07a17 .o aan) . C
On the other hand, another straight forward computation yields
0 (dl - 1)a1 s (dz - 1)an
(di — Day * - *
H = Hessf;(eg) = ) )

(di — Day, * e *



FAST LINEAR HOMOTOPY 19

Thus,

D® fi(e0)(C, e0) = e HG = (di — 1)(0, a1, ..., a) - ¢ = (d; — 1)D fi(eo),
which holds for any i € {1,...,n}. The lemma follows. O

6. INTEGRATION FORMULAS AND THE SOLUTION VARIETY

In this section, we describe a reduction method that allows us to integrate func-
tions defined on V(4) by analyzing the behavior of these functions on the linear
solution variety V(7). This method is similar to the one described on [ShSm2] or
[BCSS, Chapter 12], but it has a shorter and more direct proof using the Main
Lemma.

We will use the following result which closely follows [ShSm2, Sec. 2]. There
is a subtle difference with that paper: here, the affine solution variety Vis a
subset of H(qy x S while in [ShSm2, Sec. 2] the solution variety is a subset of
P (H(q)) x P(C™"'). Due to this difference, we include a proof of the result.

Theorem 16. Let © : V — [0,00) be a measurable mapping. Then,

: O(f,¢) :
() dVs d = dViay.
/fEH(d) /CeVs(f) (0 L) i /(f7C)e\7(d) det(I, + Df(Q)T(Df(C)1)*) @

Proof. We denote by 77 : VvV —s H(q) the projection on the first coordinate. The
Coarea formula [BCSS, pg. 241] then yields
(6.1)

/ / O(f.¢) dVa(f) dH () = / O, ONJ(#1)(f,0) dVi,.
feH ) JCeVs(S)

(£,.0)€Va
where NJ(71)(f,¢) is the Normal Jacobian of 71 at (f, (), that is

Nj(ﬁl)(faC) = |d6t(A ‘Ker(A)L)L where A:Dﬁl(faC)
Now, note that

A: T(]sc).v — H(d)
(f:Q) =  f

and from Proposition 10 we have that

Ker(4) = {(0,0) : Df(¢)¢ =0, Re(¢, () = 0}
The kernel of D f(() is the complex line defined by ¢. Thus, Ker(A)+ = ¢t is the
complex orthogonal complement of . Then,

(A lger(ay:) Hay — {(f,{) € Hy x ¢+ f(Q)+ DF(Q)¢ =0}
[ (f.=Df(Q)T(C))

We are in the conditions of [ShSm2, Lemma 1, p. 274 and Remark, p. 275] which
yields

’det ((A |KET(A)L)*1)‘ = det(In1 +Q*Q) 7Y,

where @ is the linear mapping Q(f) = fo(C)Tf(C). If we first fix ( = ¢y =
(1,0,...,0) € C™*! then following [ShSm2, p. 276] we have

QQ*{ =Df(eo)"(Df(e0)")*¢, for ¢ € ey =C™
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Thus, in that case we have
det(In41 +Q*Q) = det(l, + Q" Q) = det(L, + Df(eo) (D f(e0)')"),
and
NJ(ﬁ-l)(fv 60) = |det(A |Ker(A)L)| =
’det ((A ‘Ker(A)l)il) ‘_1 =det(In+1+Q*Q) ™" = det(I,+Df(eo) (D f(eo))*) ™.
By unitary invariance as in [ShSm2, p. 276] we then have
NJ(#1)(£,¢) = det(I, + DF(ONDFQ))) ™ Y (f.¢) eV,

The proposition follows from this last formula and (6.1) O

Corollary 17. Let © : V(d) — [0,00) be a measurable mapping. Then,

/ / O(f.C) dVa(f) dH () =
FeH @y JCEVR(S)

pf [ B e(M.0).) dRe dVe(M) M
MeH ) JCeVs(M) JheR,
where (M, () is defined by equation (2.5).
Proof. From Theorem 16,

A é)(faC) ¥
O(F,¢) dVi(f) dH g — V.
/fewd)/cew U €) dV5(S) o /(f,oev(d) det, + DO DN V@

From the Main Lemma and the Coarea Formula, this last equals

T |
(M.Q)eVy, det(d + MT(MT)*) Js oefi-1(ar0)

Again from Theorem 16, this time applied to V{;), the last formula equals

oo [ o[BG AT (ML) dVa(M) k.
MeH ) JCEVE(M) J (f,¢)ell=1(M,Q)

Finally, the change of variables formula applied to the mapping

D" O(f,¢) diT™(M,¢) dVy).

Hay — Ha
M+  Diag(d;'*)M
whose Jacobian is D~("+1) yields the corollary. Note that identifying
[} (Diag(d;*)M, ¢) = (M, C) + R,

we can substitute the inner integral

/ A O(f.¢) diT~*(Diag(d"/?)M) = / O(h+o(M, C),C) dRe.
(,¢) el (Diag(d/?*)M,() heR¢

O
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Corollary 18. Let © : Vigy — [0,00) be a measurable mapping. Let ¢ : [0,1] — R
be a measurable non—negative function and consider the mapping

o: {(OeV <1y — [0, 00)
o(f,¢) = o(FIDe/IIIl, O

D
O(f,¢) dS =
/fescgv;f) (1<) 2 [} p(£)E2NFL di 8

/ (1— M) / I(M.¢) dVa(M) dHy),
MEB(H ) CeVa(M)

where p = N —n? —n+1 is the complex dimension of the vector space R¢ and

I(M.¢C) = &) —||M]2 A M dR,.
(M. ) /hem) (V1 IM]2 h+ o(M,C),C) dR

Proof. Using polar coordinates,
1

2 feB(Hay)

( /01¢(t)t2N+1 dt)x /f > e(f,¢)ds

S cevip

Then,

/ O(f,0) dVa(f) dHg) =
¢eVs(f)

On the other hand, from Corollary 17,

/ / O(f.C) dVa(f) dH () =
fe€B(Hay) J/CEVE(S)

D / / O(h+ o(M, (), ¢) dR; dVa(M) dHy).
MeB(H)) JCeVs(M) JheR,||h]||</1-||M]||%

Using the change of variables h + h(1 — || M||?)~1/2, this last equals

D (= WM [ 10,0) V() ke
MeB(H 1)) CEVs(M)

and the corollary follows. O

7. THE MOMENTS OF THE CONDITION NUMBER, LINEAR CASE

In this section we compute these moments in the linear case, namely assuming
that all the degrees are equal to 1. Thus, we consider #H ;) the vector space of
n X (n 4+ 1) matrices and S(qy the unit sphere (for the Frobenius norm) in ).

There are several estimates for the probability distribution of the condition num-
ber of n x (n+ 1) matrices. Note that the case with n = 1 is trivial as pinorm = 1 is
constant. The sharpest published bounds for n > 2 are those of [ChDo] and [EdSu],
which deal with general n x m matrices. In previous versions of this paper, we used
the estimates of [ChDo] which (after normalization) produce the bound

4
E e 6\a/4
Mesq, ([[MT]] )S4 (cn®) It 0<a<4,

where ¢ < 16. But this bound is not optimal. During the preparation of the revised
version of this paper, it was pointed out to us by Alan Edelman that the n x (n+1)
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x 10°

T T T T
Exact value
. Experimental value|

6 4

E@?)

100

FiGure 1. Comparison of exact and experimental values of
|MT||? = 0;2(M). The experimental value has been obtained
with Matlab, computing the average from 30000 random matrices
in Sy for each n =1,...,98.

case might admit an exact computation of the moments, which is what we do in
this section. We will prove the following result .

Theorem 19. Let 0 < a < 4 be a real number. Then,

Es, (IM7]*) =

I(n2+n) ‘<= (O —k+1-a/2)
>

I'(n® +n—a/2) & nroktl=e/20(n — k)

In particular,
1 n+1
Boo (1M1[2) = (02 +n—1) (n (1 n ) Con—1) <nmPen—1).
n

In Figure 1 we compare experimental and theoretical values of Eg, (|[M 112).
We start by computing the moments of || M| for a gaussian matrix M.

Theorem 20. Let M € Hyy be chosen randomly in H iy with the Complex Gauss-

ian distribution (that is, each element of M 1is chosen as m;; = a;; ++/—1b;; where
a;; and b;; are real Gaussian with mean 0 and variance 1). Then,

ey — o—a/2 k
EHu)(”M 1) =2 ’; nn—k+1-a/2T (n — k)

"”(mﬂrm—k+1_am)

In particular,

n 1\
EH(1>(||MT||2)=§ <1+n) —n-3
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Proof. For an x (n+ 1) matrix M, let o1(M),...,0,(M) be the singular values of
M in decreasing order. Note that ||MT| = o7, According to [Ede, Formula (5.5)],
the probability density function of o, 2(M) is

K

=N =G

)\e_An/2/ F(A,$17,_.71‘n_1)d$1 dmn_l’
(0 OO)” 1

where

Kt =2 [ (n—i+2)l(n—i+1),
=1
n—1

F\@1,...,@p_1) =a2-x?_ e ™/2. . g7on-1/2 1_[(33Z +AA,

n—

i=1
A= H (Ii - 1‘j)2.
1<i<j<n—1
By expanding the term H;:ll (z; + A), we have that
K
E(\) = AeA2P(N),
M= )
where P(\) = 32720 Cp1 -, A" 7% is a polynomial of degree n — 1, whose X"~ 1=F
coefficient is
n 1-k = Z / ‘r]kx% xi—lAe_ml/Z e e_z”—l/2 dml e dmn_l’
1y ¥ (00077
where the sum is carried out over every choice of different £ numbers 1 < ji, -+, jx <

n — 1. By symmetry, we have

-1 - =
O’nflfk: = (nk ) / xl...xkxf...x%ilAe_‘Ll/Q...e_'Lnfl/Qdml... dmnil_
(0 OO)" 1

The change of variables z; = 2y; gives
n—1 2,5 ~ _
Cn—l—k: 2” +k 1/ ylyky%yiilAe yl...e yn—ldyl...dyn_l7
k 0 oo)" 1

where A = H1§i<j§n71(i‘/i —y;)?. This last integral is a particular case of one of
the forms of Selberg’s Integral, and its value is known, see [AAR, Cor. 8.2.2]:

k n—1 . . n
. L'(G+2)I'(+1) n+1 , _
H(n+2—j)H—=k! HF(n—Z—i—Z)F(n—Z—I—l).
j=1 j=1 e k i=1
Thus, we have

K 2" (")

7Cn—1—k = ol N

(n—1)! 21T (n — k)

We conclude that
n—1 +1
2¢(")

) = 7k}\n—k —An/2

The expected value of o, *(M) (o € (—00,4)) is then
n—1 2;,C (n+1

a2r—~ nka2—An2
Egy,, (0 / ATY2E(N) dN = Zgnﬂpn, / A / /2 dX.

(7.1)

(1]
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The integral inside the sum is equal to 27~ *+1=/2(n—k+1—q/2)n~ (P —k+1-a/2)

Thus, we get
(Y- k41— a/2)
—a _ 9—a/2
By (0,%) = Z nn k+1-a/2D(n — k)

)

as wanted. In the particular case that a = 2 we can simplify this formula as follows

B 1 n—1 (n+1) 1 n+1 (n+1) n 1 n+1 1
EH(I) (U 2) - 5 Z nnk—k - 5 72”’ - 1 + TL];) nn_kk_;'_l = 5 (1 + n) 777,75

7.1. Proof of Theorem 19. Integration in polar coordinates now gives the fol-

lowing:
n—1 n+1
a2 (n—k+1—a/2)_ ey
2 Z nn k+1— a/21"(n _ k) - EH(l)(an ) -
;/ o (M)~ IMIE/2 g =
2n2+nﬂ-n2+n MeHa,
M/weﬂm/ ou(M)~* dM dr =
2 ™ 0 MeH 4y, | M||=r
1 /OO T2n2+2n—1—o¢e—r2/2 d?“/ o (M)—oz dM =
2 2 n =
n +nﬂ-n +n 0 MES(l)
271220 (n? 4 n — a/2) Cu
T / on(M)™% dM.
MEeS
Hence,

/ (M)~ dM 2 "271 ("tHf(n—k+1-a/2)
O-n =
M€Sq,) L(n?+n—a/2) nn=kH1=a/20(n — k)

)

=0

and we conclude that

[e3% —Q 1 -«
B (V71 = B (03) = g [ o) anr =
(1)

T 2
S [, on =
27 MGS(U

— (T -k +1-a/2)

e Z
I(n? +n—a/2) & nrokHl=a20(n — k)

as wanted. The particular case a = 2 admits, as in Theorem 20, a shorter formula
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8. PROOF OF THEOREM 5

We will use Corollary 18. Let —oo < a < 4 and let O(f,{) = pnorm(f, ()%,
o(t) = .

Lemma 21. Let (M,¢) € Vi), and let f = /1~ [[M|2 h+ ¢(M,C). In the
notations of Corollary 18,

O(f,¢) = IIM[|".
Proof. Note that h € R¢ and hence Dh(¢) = 0 as a matrix. Thus, we have

Df(¢) = D(e(M, ))(C).
Now, for ¢ € C"*!, using that (M,¢) € V(l) and hence M (¢ = 0 we have

DM, OO = 5 im0 (POLC +10) = Diagld) M.

We conclude that
Df(¢) = Diag(d}’*)M.
Thus,

A _ DA
OU+0) = frppatnorm (||f|’<) e

e | (Diaata 0 () (c))T .

as wanted. O

1=,

Proposition 22.

DI(N + 1)I(n% +n — a/2)
E norm\.J 5 = E MT oy
fes (Ce;f Pnorm (f, € ) I'(N+1—a/2)T(n2?+n) MESm(” 1)

Proof. From Corollary 18 and Lemma 21,

DVol(B(CP o
J 3 sl -0 5= DPeBED [ Pyl d,
fes Jo tANHmedt meB ()

where p = N — n? — n 4 1. Taking polar coordinates for M, this equals

DVol(B(CP)) (!
1VOZ( ((C )) / (1 _ 82)p82n2+2n—1—a ds/ ||MT||0¢ drH(l)
fO t2N+17a dt Jo MGS(l)

The proposition follows from

k k N+1

Vol(S(Ck)) = % Vol(S) = 2%,

™

T(k+1)

1
/ (1 . S2)ps2n2+2nflfa ds = P(p + 1)F(n2 +n— CM/2)
g 2T(N +2—a/2)

Vol(B(Ck)) =

(]

Finally, from Proposition 22 and Theorem 19 we conclude the following result.
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Theorem 23. Let 0 < a < 4 be a real number. Then,

DI(N +1) = (YT —k+1—a/2)
Z Hnorm f7 - Z .

E
fes TI(N+1-0a/2) n” k+1-a/2D(n — k)

CeV(f k=0

In particular,

1 n+1
EfES Z Hnorm f, =DN (n (1 + TL) —2n—1| <nND.

Cev(f)

Theorem 5 is immediate from Theorem 13 and Theorem 23.

9. PROOF OF THEOREM 7

Following the O, © notation of Corollary 18 with ¢ = 1, we denote

I(M, () = O(/1 — ||M|? h+o(M,(),C) dR.
( C) /he (R (\/ H ”F 90( C) O ¢
Note that

/ 0(g,¢) dGa) =/ O(Gay(M,1,¢, b)) dY =
(9:0)€Gay (M,1,¢,h)eY

/ / I(M,¢) dVs(M) dCN 1,
(M)eB(CN+1) Jeevs (M)

Projecting elements (M,[) € CN*! onto M, this last equals

val(s(e) | =P [ 10) dvs(an) i,
MEB(’H(U) CEVS(M)

where p = N —n? —n + 1. From Corollary 18, we conclude that

27V ol(B(CP))
d N D o(f,¢) dS
/(g,C)€g<d) O(g,¢) dGq) = (2N +2)D /fGS 2o (f,¢)
Thus,
_ xVol(S)Vol(B(CP))
E(%C)Gg(d) (@(g, C)) - (N T 1)V0l(g(d))p EfGS Ce;f) G(f, C)

The theorem follows substituting
7Vol(S)Vol(B(CP)) 7V ol(S)Vol(B(CP))
(N +1)Vol(Ga) ~27(N + 1)Vol(B(CN+1))Vol(B(Cr))

=1

10. UNIFORM EQUIDISTRIBUTION IN THE OUTPUT SET

In a general setting, it is interesting to analyze the probability distribution of
the output of a probabilistic algorithm. Assume for example that we have a de-
terministic algorithm for finding one zero of systems of equations, such that for
every fixed system, it produces always the same zero. In some sense, the “amount
of information” that such an algorithm gives us is small. On the other hand, if
the algorithm involves some random choices and all the roots are equidistributed,
then the amount of information that the algorithm provides is big, as there is no
“hidden” solution that will scape from our algorithm easily. We want to bring to
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the attention of the reader a concept from Information Theory and Random Num-
ber Generator Theory, which seems to be a useful way to measure the intermediate
states between those two extremes:

Definition 24. Let ALG be an algorithm which may involve some random choices
and which may produce different outputs x1,...,x,.. Let p; be the probability that
output xz; is produced. The Shannon Entropy of ALG is

H(ALG) = — Zpi log(p;)-

It is a simple exercise to show that H(ALG) < logr, and equality holds if and
only if p; = 1/r for all i. Thus, H being maximal is equivalent to equidistribution
of outputs, and the closer it is to maximal, the closer we are to equidistribution.

As claimed in Theorem 2, for algorithm AHMR we have equidistribution of the
output. Of course, we do not need to express this fact using Shannon’s Entropy.
However, we want to insist that it might be a very useful concept in other set-
tings. For example, it is used in [BeLe] to analyze data and then conjecture the
equidistribution of the roots using another randomized algorithm (for which no
equidistribution or complexity results have been proved so far). We have found no
previous work where this concept is used in the context of analysis of algorithms.
Hence, although we will not use this concept for other purposes on this paper, we
want to insist on its potential importance.

We write now a more detailed version of our Theorem 2

Theorem 25. Let [ be such that ¢ € V(f) implies (f,{) € ¥'. Hence, f has
exactly D solutions (y,...,(p. Run AHMR on input f. Then,

o With probability 1, the algorithm produces an output z, which is an approz-
imate zero of some exact zero ( € V(f).

e Euvery exact zero of f is equally probable as the one associated to the output
of AHMR, namely Prob(¢ =¢;) =1/D for 1 <i < D.

10.1. Proof of Theorem 25. As in the proof of Theorem 13, we let X ={h € S:
(f,¢) € ¥’ for some ¢ € V(h)}. Our hypotheses is that f ¢ X. Moreover, ¥ is a
(real) algebraic variety of S of real codimension 2, and thus for every g € S\ Z (Z
a null set), the arc Ly, does not intersect 3 (this argument can be formalized as
in the proof of Proposition 12). Let g € S\ Z. Assume that some solution ¢ of f
is fixed. Let

O: Vv — {0,1}

(9,C0) + {1 (f:¢) € T(f,9:Co)

0 otherwise
The mapping (4.1) is a bijection between the solutions of g and those of f. Thus,
for fixed g € S\ Z we have ©((y) = 1 exactly for one solution of g. Hence,

1 1
Eges\z | 5 Z O(g,¢) | = D
o€V (g)

Being Z a null set and using Theorem 7 we conclude,

1
E(Q7CO)E§(¢) (6(9740)) = 57
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namely the probability that a randomly chosen pair (g,(o) € G(ay satisfies ¢ €
L(f, g,¢o) is exactly equal to 1/D. This finishes the proof.

10.2. Finding few, some, most or all solutions. In this section we analyze
the probability of getting some or all solutions of a system by repeatedly using
algorithm AHMR. Namely, we will use AMHR a number of times on the same intput
f €S. This is equivalent to considering the algorithm

AHMR?®

Input: f €S.

e Choose randomly s pairs (g*,¢3), ..., (9%,¢5) € G(a)-
e Approximate the curves I'(f, g%, (§) using the homotopy algorithm of [Bel].

Output: s approximate zeros of f, with associated zeros the ones lying on
L(f,¢7,¢), 1<j<s.

The average running time of AHMR? is s times the average running time of AHMR,
thus at most O(sd®/?nN (N + n?)) from Corollary 9. The following result follows
from Theorem 25 and elementary computations of Enumerative Probability.

Corollary 26. Fiz1<s,1<k <D andlet f € S\X. The probability that AHMR®
produces approximations to k or more different solutions of f, is at least

L= (k:/_)1>(k1—)s1)s

Proof. The probability (in the space gg’d)) that AHMR?® produces k—1 or less different

solutions of f is equal to the probability that a randomly chosen Z := (z1,...,25) €
{1,...,D}* (w.r.t. the uniform distribution) satisfies

ﬁ{zla"'vzs} S k—1.
According to the Inclusion-Exclusion Principle of Probability Theory, this last is

at most
D\ (k—1)
k—1 Ds

The corollary follows. O

This result allows us to obtain some upper bounds on the probability that some
or all the solutions of f are reached within s tries of AHMR. For example,

Corollary 27. Fizl>1 and let f € S\ X. Let s = [2lDlog D]. Running s times
algorithm AHMR on input f produces approximations to all the solutions of D, with
probability greater than or equal to 1 — D,

Proof. From Corollary 26, the probability we are trying to compute is at least
D D-1 2D log D D-1 2lDlogDD
()Pt

-1 D2DlogD D2IDlog D

Applying logarithms, we check that this last is greater than or equal to 1 — D! as
claimed. (]
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Corollary 27 proves for the first time that, accepting a very small probability of
failure, a complete description of the solution set of a system f € S\ 3 can be done
with average running time O(d®?nN (N +n?)Dlog D), that is linear in the Bézout
number D and almost quadratic in the input length.

It is clear that any description of an approximate zero of every solution of f
requires running time at least as big as D, for D projective points are needed.
Moreover, from [CGH03] we know that any other “natural” encoding of the com-
plete solution set of f, no matter how compressed, cannot be obtained in running
time less than D. Thus, our algorithm AHMR is essentially optimal as a universal
solver, at least with respect to its average complexity.
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