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Abstract In the forthcoming paper of Beltran and Pardo, the average complexity of
linear homotopy methods to solve polynomial equations with random initial input (in
a sense to be described below) was proven to be finite, and even polynomial in the
size of the input. In this paper, we prove that some other higher moments are also
finite. In particular, we show that the variance is polynomial in the size of the input.
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1 Introduction

The complexity theory of solving systems of polynomial equations still poses many
problems. Among these is whether there is a deterministic uniform algorithm which
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finds an approximate zero of a system of n homogeneous polynomials in n + 1 com-
plex variables of degrees (dy, ..., d,) with average cost polynomial in the input size.
This problem is the deterministic version of the 17th problem on Smale’s list [18].
To our knowledge, this problem is not solved even for n =2 and arbitrary degree in
the context we consider below. For n = 1, the history of numerically solving com-
plex polynomial equations is long. It is surveyed in Pan [9], see also Smale [17].
In [9] many algorithms are given for solving univariate complex polynomials, some-
times together with complexity estimates, which may be construed as affirmatively
answering Smale’s question in the positive for univariate polynomials. See references
[6, 10], and [7] in [9] and Chap. 9 of [5] for approaches which bear a close relation-
ship to our own. There has been much progress since, but we do not try to survey it
here as it would take us too far afield except to mention [8], which has a probabilistic
and condition aspect. In the form of the eigenvalue problem, a vast literature exists
on numerical methods which perform wonders in practice, but to our knowledge,
no rigorous complexity estimates are given, except perhaps for the reduction to the
characteristic polynomial, which most numerical analysts caution against.

Recently, Beltran and Pardo [1-4] have given a positive probabilistic answer to
Smale’s problem for all n and for all vectors of degrees. Here we give a brief indi-
cation of their and our results. More details and definitions are given below. Beltran
and Pardo show how to produce a random pair (g, ¢) where g is a polynomial system
and ¢ a zero of g starting from a random n by n + 1 matrix. Then, given a pair (g, ¢),
they find an approximate zero of f by a homotopy or continuation method, which
performs a number of (projective) Newton steps. They give an upper bound for the
cost (number of steps) of finding this approximate zero as a function Cy(g, f, ¢) of f
(see (1.4) below). Then the average

A1<g,c>=/ Colg. £.£)dS
fes

is up to a small factor cd>/?, where c is a positive constant, and d the maximum of
the d;’s, an upper bound for the average number of steps required by a path-following
method starting at the pair (g, {) to produce an approximate zero of a system f with
probability 1.

Let (d) = (d1, ...,d,) be alist of positive degrees, and H g be the vector space
of homogeneous polynomial functions f = (fi,..., f,) : C"*! — C", where f 18
homogeneous of degree d;, j =1...n. We denote D =d - - - d,, (Bézout’s Number),
d =max{d; : 1 < j <n}, and assume that d > 2. Note that D < d" is the number of
complex projective solutions of any nondegenerate system f € H ). We let N 41
denote the dimension of H ) as a vector space, i.e., N + 1 is the number of mono-
mials of a generic f € Hg).

A consequence of Theorem 1 in [3] is!:

I'The paper [3] deals with slightly different quantities C and A satisfying Cy < +/2C and A; < +/2.A,

thanks to inequality (2.1) below. Thus, the results in [3] are still valid up to a small constant V2. The
quantities A of [3] and A of this paper are versions of the integrals studied in the article [16].
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Theorem 1 The expectation

E(Ai(g,¢)) < 16v/27nN. (1.1)

We describe the probability measures of this theorem below.
Theorem 1 has a simple interpretation via Markov’s inequality in terms of the
probability that 4 (g, ¢) is small, see [3].

Corollary 1 For 0 <o < 1, with probability 1 — o, A;(g,¢) <o~ '1627nN.

In this paper we extend the polynomial conclusion of Beltrdn and Pardo to some
higher moments. Hence, in particular, the central limit theorem will apply. Let

Mg 0= [ (eote. £.0)" .

fes
Theorem 2 Let 2 < k < 3. Then, the expectation of Ay (g, ) satisfies
E(Ai(g.0)) < 0.
Moreover, let2 <k <3 — ﬁ Then, the expectation E(Ay (g, )) satisfies
E(Ak(g, g“)) < P2tk /24 k3 N2 k8 |
In particular, E(A>(g, ¢)) < 512emn*n*N?InD.

We will prove Theorem 2 in the next section of the paper.
Now Theorems 1 and 2 have a simple interpretation. Let C; = 32+/27 and C; =
1024em?.

Corollary 2 For 0 < o < 1, with probability 1 — o, A;(g,¢) < Cio~'nN and
Ax(g.2) < Cr0~'n*N*InD.

Example 1 Fix o = 1/2. Then the corollary asserts that with probability 1/2 in the
choice of (g, ¢), the mean of the number of (projective) Newton steps for finding,
with probability one, an approximate zero of a system f of homogeneous polynomial
equations of degrees (dy, ..., dy,) is bounded above by O(d?*nN), and the variance
is bounded above by O (n>N2d>InD).

Now we describe the probability distribution we use. We consider the Bombieri—
Weyl inner product in H ) (cf. [15]) and the associated norm || - || and Riemannian
structure in the sphere S = S(Hg)) = {f € H) : | fIl = 1}, normalized in such a
way that the total volume of S is 1.

The set V = {(g,¢) € S x P(C"*1) : g(¢) = 0} is called the solution variety. We
consider £2 = V endowed with the probability measure

1
r=[ 5 ¥ ueods (1.2)
€5 7 15 (0)=0
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for any Borel set A C £2. Let d§2 be the associated volume element. Denote by E(¢)
the expected value of any measurable function ¢ : £2 — R U {oc}, and by Var(¢) its
variance.?
Theorem 2 can be applied to estimate the higher moments of A1 (g, ) as well.
Theorem 3 Let 2 < k < 3. Then, the expectation of A1(g, ¢ )k satisfies
E(Ai(g, ") < oo.
Moreover, let2 <k <3 — ﬁ Then, the expectation E(A (g, C)k) satisfies
E(Al (g’ C)k) < 22k+k/2+4€ﬂkn3k_4N2D4k_8 InD.
In particular, E(A1 (g, £)%) < 512en?n?*N?InD.

Proof The Holder inequality (see, for example, [11, p. 63]) implies

E(Ai(g, 0)f) = /

(8:5)eg?

< / / Colg. £, Ok dSA2 = E(Ai(g. 0)).
(g.0)eR J feS

k
( Cole, f, odS) a0
fes

So Theorem 2 finishes the proof. 0

Now we explain a little how homotopy algorithms work and describe the function
Co(8 f2 ).

Let X’ be the set of critical points of the projection 7 : V — S, 7 (g, ¢) = g. Note
that (g, ¢) € X’ if g(¢) = 0 and the Jacobian matrix Dg(¢) is not of maximal rank.

A key ingredient in our analysis below is the condition number: For (g,¢) € V,
we define

. (89 ev\Y

w(g, O) = (Dg@) 1) Diag(lg |14 ~"a!")

or u(g,t) =o0if (g,¢) € X’. Note that u(g, ¢) is essentially equal to the operator
norm of the inverse of the differential matrix Dg(¢), restricted to the orthogonal
complement of ¢. The rest of the factors in this definition are normalizing factors
which make results look prettier and allow projective computations, see [15] for more
details. Sometimes  is denoted finorm OF fproj, but we keep the most simple notation
here. An important property of (g, ¢) is that it bounds the operator norm of the
derivative of the (locally defined) inverse of w. Namely, if g = g; € S is a smooth
curve parameterized by areal t € (—¢, ¢) and if { = ¢y (with ||| = 1) is a solution of
go such that 1¢(go, o) < 00, then ¢ can locally be smoothly deformed in such a way

2The set £2 was denoted G(q) in [3]. In that paper, an alternative description of G4y is given which allows
one to randomly choose pairs (g, £) € £2. Then, it is proven that the obtained probability distribution is the
one described above for £2.
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that ¢; is a solution of g, and the tangent vector ¢y = %bzoé} € T;]P’((C”“) =t
satisfies

(1.3)

. d
%ol Su(g,C)H a5
Let (g,¢)eVand f €S, f# —g.Let L, s S be the (shorter) arc of the great
circle joining g and f, and let I"(g, f, ¢) be the connected component of 7~ (L e f)
that contains (g, ¢). Thus, I'(g, f,¢) is a set of pairs (system, solution) € V. The
implicit function theorem guarantees that I'(g, f, ¢) is a smooth arc if it does not
intersect X and that in that case 7| (4, 1,¢) is a bijection, so that for i € L, r, there
is a unique zero ¢, with (h, &) € I'(g, f, ¢). Homotopy algorithms attempt to ap-
proximate this path starting at a known pair (g, {) to produce an approximate zero of
the input problem f. The reader may find more background in [1, 2, 5, 15].
Let the arc Lg ¢ be parameterized by some real parameter ¢ € [a, b], and let
(h, g;h) € T(n,¢;,)V be the tangent vector to I'(g, f, ¢) at (h, {,). Define

co(g,f,¢)=fh ., wh, &) || Ry &n)|| dLg, ¢

€Ly, f
b
= / 1 (h @), &nn) [ (A" @), (Gn)' @) de, (1.4)

or oo if I'(g, f, ) intersects X’. By the change of variables formula, this number
is independent of the chosen parameterization. Note that Co(g, f, ¢) is the length
of the arc I'(g, f, ¢) in the so-called “condition metric”, namely the metric in V <
S x P(C"*1!) obtained by pointwise multiplying the product metric by the condition
number u, see [14].

From [14] we know that c¢d?/ 2Co(g, f,¢) (c a universal constant) is an upper
bound for the number of steps of a particular path-following method to approximate
a zero of f starting from an approximation to ¢. More exactly, the homotopy method
of [14] starts at the pair (g, z) where z is an approximate zero of g near ¢, and then
it chooses a small step ¢ and considers the polynomial system /4 which lies on the arc
Lg ¢ at distance ¢ from g. An approximate zero of & is obtained by one application
of Newton’s method N (k) with initial pair z (more exactly, one has to use projec-
tive Newton’s method Np(h) of [13]). This scheme is repeated until we reach f. The
main result of [14] is that, if the homotopy step ¢ is chosen properly, the total number
of iterations is at most cd>/ 2Co(g, f, ¢) with a universal constant c.

However, in [14] the method for choosing the homotopy step ¢ is not described. In
a future paper we will compute explicitly a value for these steps and all the constants
involved in this process.

We finally want to study the variance of the running time of the following algo-
rithm: Input f, choose (g,¢) € V at random, then perform the homotopy method
starting at (g, ¢) to solve f. That is, we choose a random pair for each input sys-
tem f, instead of fixing some random (g, ¢) and using it for solving every system
f €S as suggested by Example 1. Then for fixed f €S, let

B(f)=E(Co(g, f.0)) = / Co(g, f.¢)ds2,

(8,0)ef2
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which is thus (up to a small factor cd>/?) an upper bound for the average number of
steps performed by the homotopy algorithm to solve f with random pair (g, {). Note
that by Fubini’s Theorem, inequality (1.1) above also reads:

Corollary 3

B(f)dS < 16:/27nN.
fes

Namely, the expected value of the number of steps for polynomial system solv-
ing (with random initial pair (g, ¢)) is almost linear in the size of the input. In the
following result we prove that the variance of this quantity is again finite.

Theorem 4 Let 2 < k < 3. Then, B belongs to Lk(S), that is,

B(f)kdS < .
fesS

Moreover, let2 <k <3 — ﬁ Then,

B(f)k das < 22k+k/2+4en’kn3k_4N2D4k_8 InD.
fes

In particular, the variance of B :'S — [0, o] is at most 512ew*n> N> InD.
That is:

Corollary 4 The average number of homotopy steps performed by the homotopy
algorithm with random initial pair (g, ¢) (see [3, Corollary 2] for a more detailed
description of the random choice of (g,¢)) has variance at most O(d>n*>N?1nD),
thus polynomial in the size of the input.

Theorem 4 is proven in the third section of the paper.

Remark 1 In Theorems 2, 3, and 4, if 3 — ﬁ < k < 3, we have the upper bound

B D2k=2
22k+k/2+37tkn3k 4N2

3—k’

valid for
B(A(e.0).  E(Ai(g.0)F). and /f BUptas.

Finally, in the case n = 1 all the bounds in the theorems above can be improved by a
factor of 22k+1,

In the next section we prove Theorem 2. Some background is provided in the last
section for those not familiar with it.
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2 Proof of Theorem 2

From now on, assume that & = h(t) € S is arc-length parameterized, so Al = 1. Let
0<pB <1—1/k,and let (h, ¢) be tangent to V. Then, inequality (1.3) and the fact
that p is bounded below by 1 imply

[, &) ] = IAI2 + 16012 < AN 4+ G, 8202

=/ L+ p(h, e)* < V2u(h, ), @2.1)

which implies

wh, o) |G e <27 w00 ).
For % + 5 = 1, the Holder Inequality thus yields

k(1=p)

k
co(g,f,o":(/ u(h,ch)u(h,éh>||dLg,f> <27 L,
hEL&f

where

. . ’3 k/q
n= ([, ol ar)
hEL&[

k/p
12=<f u(h,;h)"“)dLg,f) :
hEL&f

Note that, although not explicitly seen in the notation, ¢, depends on /& and on the
chosen root ¢ of g, for ¢y is the unique root of % in the arc I'(g, f, ¢). We assume
from now on that L, N 7(X’) = @, namely that every system & € L, s has all of
its solutions nonsingular. We can assume this without loss of generality, as for almost

every choice of g and f, this hypotheses holds, see Sect. 4 below.

Now, let g = l, so that p = ﬁ < k. Then, from [16, Lemma 7.3.a] (see also

Lemma 1 below) we have

. . kﬂ . kﬁ
n=([ tdelare) ([ asiana,,)
heLg heLg ¢

< (v +20%)" < 3D*)"  (using that D > d > 2).

On the other hand, again the Holder inequality implies
L <7*=P1 / wu(h, o) P dL, ;.
hEL&f

We have proved that

k(1=p)
2

/ Colg, f,0)FdSd@ <277 7FI=P-1(3p2)*
(g.0)ek J feS
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where

sz / / wh, g P dL, ;dSde.
(g:0)e2 J feSJheLy s

From the definition of the probability measure in £2, i.e., (1.2), we conclude that

1
=51
D geSJ feS

By [3, Theorem 3] (see also Theorem 5 below), this last is at most

2r / kQ2—p)
- w(f,m) dsS.
D fes Z

1:h()=0

> / wh, g)* =P dL, ;dSds.
£:g(0)=0""<Les

Finally, from [3, Corollary 5] (see also Proposition 1 below) we conclude that

_2nT(N + DL(n?+n—k@2—B)/2) 2KC=H+2 gy
T T(N+1—-kQ2—-B)/2Tn2+n) 4—kQ2—p)

(2.2)

is valid while k(2 — B) < 4, thatis, 8 > 2 — 4/k. We may rewrite this last expression
as

kB3 p3kC=B2 T(N+1) Tm?>+n—k@2-p)/2)

24 —-k2—-pB) Tr24+n) T(N+1—-kQ2-p8)/2)"

Assume that n > 2 and note that N + 1 > n? + n and hence the function

F(nz—i—n—oz)_ 1

= , 0<ax<2,
'IN+1—-w) (N—a)---(n?2+n—o)

o =

is an increasing function of «. Thus, using that k(2 — 8)/2 < 2, we have

I'(N+1) Tm>+n—kQ2-p)/2) v+ I(n*>+n-2) - N?

T(n24+n) T(N+1—-k(Q—p)/2) ~Tn2+n) T(N+1-2) ~ n*’

We conclude that if n > 2,

92k+3 13k (2—)/2—4 \y2
J <

T 2M@-k2-p)

Hence,

k(1

T 22k+3 1,3k (2—B)/2—4 N2
E(Ak(gi)) <2 zﬁ)nk<l—ﬂ)—1(3pz)kﬂ n

2kB(4 — k(2 - B))
2k
< 2kk/243 k), 3k—4 2 D 2.3)
4—k@2—PB)
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for € 2 —4/k,1 — 1/k). The minimum of this function is easily obtained by
computing the unique zero of the derivative:

- 1+2(216_4)111236(2 41— 1/k) if2<k<3— 2.4)
- 2%InD k=17 itz <k <3 =715 '
which yields the bound

E(A(g, 0)) < Q2K 243k 3k=4 2 k=8 1 2

as claimed by the theorem. If 3 — ﬁ < k < 3, then the valid interval for g,
Be@2—4/k,1—1/k), is nonempty, and hence E(A;(g, ¢)) is finite. The upper
bound of Remark 1 in this last case is easily obtained by letting 8 approach 1 — 1/k.

Finally, from the comments after Proposition 1 below inequality (2.2) can be more
precisely stated in the special case n = 1; namely, in that case, we have

_2aT(N+ DI —kQ2—p)/2) _ 4N’
T IT(N+1—kQ—=PB)/2T(2) ~4—k2-pB)

and then we have

KI=B) p1—py—1 zkﬂﬂ
E(Ac(g.0)) =2 7 (377) 4—k2-B)

DZkﬁ

< Q2Hk/2 k2 ’
4—k2-p8)

valid for B € (2 —4/k,1 — 1/k). Hence, we get an improved version of inequal-
ity (2.3), and the bound in the remark follows, with an improvement of 221,

3 Proof of Theorem 4

Holder’s Inequality implies

k
/ B(f)"dS=/ (/ co(g,f,odfz) as
fes fes (g,0)e2

5/ / Colg. f.0)FddS

feSJ(g.0)ef2

_ / Colg. .0k dSd2,
(8,0)e2 J feS

by Fubini’s Theorem. Theorem 2 finishes the proof.

4 Some Previous Results Used in the Proof

For the sake of readability and completeness, we recall now some results that have
been used in the proof and that were stated in previous papers. We start with a result
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that bounds the length of the path of solutions ¢; when the system f; moves in a great
circle of S. We write this result (and the rest of the results in this section) with the
language and notation of this paper.

Lemma 1 [16, Lemma 7.3.a] Let fo # £ f1 €8S, and let L, z, be the small piece of
the great circle joining fo and fi. Let {y be a zero of fo and assume that {y can be
smoothly deformed to ;, a solution of f;, for f; parameterizing Ly, ¢ as f; moves
from fo to fi. Then, the total length of the curve ¢; : 0 <t < 1 in P(C"*1) is at most

2D2. Namely,
) 1
[ lSnlldLyg, ¢ =/
hELvafl 0

We have also used in the proof of the theorem that for almost every choice of
g, f €8, the arc L, r does not contain systems with singular solutions. We explain
this idea with more detail now: Recall that X’ C V is the set of pairs (g,¢) € V
such that Dg(¢) is not of maximal rank or, equivalently, p(g,¢) =00 or ¢ is a
singular solution of g. X’ is an algebraic subvariety of V. The set {g € H) :
Dg(¢) is not of maximal rank for some ¢, g(¢) = 0} is a complex algebraic subvari-
ety of H(g) and has real codimension 2. Moreover, its intersection with the sphere S,
that is, ¥ = 7 (X”) has also real codimension 2 in S, and hence for every choice of
g, f (except for a zero measure subset of S x S), the great circle containing g and f
does not intersect X'. Every zero of every system i € L, ¢ in that arc is nonsingular,
and thus the roots of & are in one-to-one correspondence with the roots of g and f.
The reader may see these facts and many other details on the geometric perspective
of this problem in [5].

Another result used in the proof is a version of [3, Theorem 3], which we explain
now.

dt < 2D?.

‘%
dr

Theorem 5 [3, Theorem 3] For f # g €S, let I:g,f be the whole great circle
containing g and f. For a measurable function s : V — [0, oo], we have

/ / 3 / s(h,;h)dig,dedszzn/ 3 s(fmds.
geSJ feS heLg ¢ fes

£:8(£)=0 n:f (=0

(Recall that &y, is the unique root of h that lies in the lifted path I (g, h, ), and hence
it depends on h and on the root ¢ of g.)

Theorem 3 of [3] is this same result with the particular function s = u?, but the
proof is exactly the same for a generic measurable function s. Note that this is a
result from Integral Geometry, similar to many others that can be found, for example,
in [12]. The interested reader may find helpful a heuristic explanation of this last
result (before diving into the proof of [3, Theorem 3]): Choosing at random two
points in S and then choosing at random a point in the associated great circle must
be the same as simply choosing at random a point in the sphere, because no point is
preferred to another one with either of the two methods. One can make this argument
more rigorous using the uniqueness of Haar’s measure.
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We recall now a result that bounds the expected value of the condition number (.

Proposition 1 [3, Corollary 5] Let 0 < o < 4 be a real number. Then,

DI(N + DI (n® +n—a/2) 2272 .

/ Y r(fimds= : )
€8y p =0 F(N+1—a/2T(n2+n) 4—a

In the case that n = 1, this last result can be improved using [3, Proposition 1]
(which we do not include here), proving that

DI'(N + DI (n? +n — a/2)
. dS = ,
/];eSn:f(zn)::OM(f 2 TN + 1 —a/2)T 2 +n)

as used in the last part of the proof of Theorem 2, to obtain the bound for the case
n=1.
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