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1 Introduction

This paper describes and analyzes, both in terms of complexity and numerical stability, an
algorithm to compute the topology of a real projective set.

The geometry of the sets of zeros of polynomials equalities, or more generally solutions
of polynomial inequalities, is strongly tied to complexity theory. The problem of deciding
whether such a set is nonempty is the paramount NPg-complete problem (i.e., NP-complete
over the reals) [7]; deciding whether it is unbounded is H3-complete and whether a point is
isolated on it is HV-complete [9]; computing its Euler characteristic, or counting its points
(in the zero dimensional case), #Pgr-complete [8], ...

We do not describe complexity classes in these pages. We content ourselves with the
observation that such classes are characterized by restrictions in the use of specific resources
(such as computing time or working space) and that complete problems are representatives
for them. In this sense, the landscape of classes demanding an increasing amount of resources
is paralleled by a collection of problems whose solution appears to be increasingly difficult.

Among the problems whose complexity is poorly understood, the computation of the
homology of algebraic or semialgebraic sets —and by this we mean the computation of all
their Betti numbers and torsion coefficients— stands out. The use of Cylindrical Algebraic
Decomposition [12, 40] allows one to compute a triangulation of the set at hand (and from
it, its homology) with a running time doubly exponential in the number of variables (the
dimension of the ambient space). On the other hand, the #Pg-hardness of computing
the Euler characteristic (a simpler problem) mentioned above or the PSPACE-hardness of
the problem of computing all Betti numbers of a complex algebraic (or projective) set
defined over Z, see [31], make clear that the existence of subexponential algorithms for the
computation of the homology is unlikely. The obvious question is whether exponential time
algorithms for this task exist.

A number of results in recent years have made substantial progress towards an answer
to this question. Saugata Basu and collaborators provide algorithms computing the first
Betti number of a semialgebraic set in single exponential time (an algorithm to compute the
zeroth Betti number within these bounds was already known) [4], as well as an algorithm
computing the top ¢ Betti numbers with cost doubly exponential in ¢ (but polynomial for
fixed ¢) [3]. More recently, Peter Scheiblechner [32] considered the class of smooth complex
projective varieties and exhibited an algorithm computing all the Betti numbers (but not
the torsion coefficients as the paper actually computes the de Rham homology) for sets in
this class in single exponential time.

All the algorithms mentioned above are “symbolic”, they are direct (as opposed to
iterative) and are not meant to work under finite precision. Actually, numerical instability
has been observed for many of them and very recent results [26] give some theoretical
account for this instability. And partly motivated by this observed instability, an interest
in numerical algorithms has developed in tandem with that on symbolic algorithms. An
example of the former that bears on this paper is the algorithm in [19] to decide feasibility of
semialgebraic sets. The idea was to decide the existence of the desired solution by exploring
a grid. While this grid would have exponentially many points, the computation performed
at each such point would be fast and accurate, thus ensuring numerical stability in the
presence of round-off errors. Both the running time of the algorithm (directly related to the
size of the grid) and the machine precision needed to ensure the output’s correctness, were
shown to depend on a condition number for the system of polynomial inequalities defining
the semialgebraic set at hand.



These ideas were extended in [15, 16, 17] to describe and analyze a numerical algorithm
for the more difficult question of counting points in zero-dimensional projective sets. Note
that in this case the number to be computed coincides with the zeroth Betti number of the
set (number of connected components), while higher Betti numbers are all zero.

We now extend them once more to solve the (even more difficult) problem of computing
all the homology groups for projective (or spherical) algebraic sets.

In order to state our result, we need to introduce some notation.

Let m < mn, dy,...,dyn € Nand d = (dy,...,dy,). We will denote by Hq[m] the space
of polynomial systems f = (f1,..., fm) with f; € R[Xy,..., X,] homogeneous of degree d;.
We may assume here that d; > 2 for 1 < ¢ < m, since otherwise we could reduce the input
to a system with fewer equations and unknowns. We set D := max{d;, 1 < i < m} and
N := dimg Ha[m] = >, (”';df) Note that the last is the size of the system f in the sense
that it is the number of reals needed to specify this system.

We associate to f € Hq[m] its zero sets Mg := Zga(f) on the unit sphere S* C R*+!
and Mp := Zpa(f) on the projective space P*(R). The former is the intersection of the
cone of zeros Z := Zgnt1(f) of f in R™! with S™ and the latter is the quotient of Mg by
identifying antipodal points. For a generic system f, both Mg and Mp are smooth manifolds
of dimension n—m. We also associate to f a condition number x(f) (whose precise definition
will be given in §2.1 below). Finally, we endow the linear space Hq[m| with the Weyl inner
product (also defined in §2.1) and consider the unit sphere S¥ =1 C Hq4[m] with respect to
the norm induced by it.

Theorem 1.1. We describe an algorithm that, given f € Hq|m], returns the Betti numbers
and torsion coefficients of Mg (or of Mp), with the following properties.

(1) Its cost cost(f) on input f is bounded by (nD/f(f))O(”Q).

(ii) Assume SN~ is endowed with the uniform probability measure. Then, with probability
at least 1 — (nD)~™ we have cost(f) < (nD)O(”s),

(iii) Similarly, with probability at least 1 — 2=~ we have cost(f) < 20(N?),
(iv) The algorithm is numerically stable.

We give the proof of Theorem 1.1 in several steps. Part (i) is shown in Propositions 4.3
and 4.4. Parts (ii) and (iii) are in Corollary 5.4. We devote Section 7 to both define what
we mean by numerical stability (in a context where we are computing integer numbers) and
to sketch why our algorithm is numerically stable.

Remark 1.2. Parts (ii) and (iii) in the statement fit well within the setting of weak com-
plezity analysis recently proposed in [2] (but see also [23, Theorem 4.4] for a predecessor of
this setting). The idea here is to exclude from the analysis a set of outliers of exponentially
small measure (a probability measure in the space of data is assumed). This exclusion may
lead to dramatic differences in the quantity to be bounded and provide a better agreement
between theoretical analysis and computational experience. A case at hand, studied in [2],
is that of the power method to compute dominant eigenpairs. It is an algorithm experienced
as efficient in practice (say for symmetric or Hermitian matrices) but whose expected num-
ber of iterations (for matrices drawn from the Gaussian orthogonal or unitary ensembles,
respectively) is known to be infinite [23]. Theorem 1.4 in [2] shows that the expected number
of iterations conditioned to excluding a set of exponentially small measure is polynomially



bounded in the dimension n of the input matrix. The authors call this form of analysis weak
average-case. Parts (ii) and (iii) in the statement can be seen as a form of weak worst-case
analysis establishing weak worst-case exponential complexity.

Our algorithm relies on an extension of the ideas in [19] —the use of grids, an exclusion
test, and the use of the a-theory of Smale to detect zeros of a polynomial system in the
vicinity of a point at hand— to construct a covering of Ms by open balls in R**! of
the same radii. This common radius is chosen to ensure that the union of the balls in
the covering is homotopically equivalent to Mg. The Nerve Theorem then ensures that
this union is homotopically equivalent to the nerve of the covering and we can compute
the homology groups of Mg by computing those of the said nerve. We explain the basic
ingredients (condition numbers, Smale’s a-theory, the exclusion lemma, ...) in Section 2.
Then, in Section 3, we describe and analyze the computation of the covering. Section 4
uses this covering to actually compute the homology groups (part (i) in Theorem 1.1) and
Section 5 establishes the probability estimates (parts (ii) and (iii) in Theorem 1.1). Section 6
is devoted to prove a number of results which, to allow for a streamlined exposition, were
only stated in Section 2. One of them, Theorem 2.9, links the y-invariant of Smale with the
injectivity radius 7(f) of the normal bundle of Mg (in turn related to a number of metric
properties of algebraic spherical (or projective) sets). This connection is, to the best of our
knowledge, new and is interesting per se. Finally, and as already mentioned, Section 7 deals
with issues of finite-precision and numerical stability.

Acknowledgments. We are grateful to Peter Biirgisser who suggested the topic of this
paper to us and to the Simons Institute for receiving us in the Fall of 2014, which was where
and when the suggestion was made. We also owe an anonymous referee for his very precise
and enlightening comments.

2 The basic ingredients

2.1 Condition numbers

We need a condition number as a complexity (and accuracy) parameter. To define one we
first fix a norm on the space Hq[m]. We follow the (by now well-established) tradition of
using the Weyl norm, which is invariant under the action of orthogonal transformations in

. . -1
Rn-‘,-l: fOI' f = (fla .- 7fm) Wlth fl = Z‘a|:d fi,aXaa thlS 1S ||f1||2 = Z|a|:d fza(i) and
then [|f]1? := 32, <;<,, [l fill*. See e.g. [10, §16.1] for details.

Of;
For a point £ € R*"*! we denote by Df(¢) = (89{: (5))1<'< o
j <i<m,0<j<n

: R — R™ the

derivative of f at £&. We also write

]| = v/dx
A(E) =
€N~ Vi
(or simply A, if £ € S™).

The condition of f at a zero & € R™™!\ {0} has been well-studied in the series of
papers [33, 34, 35, 37, 36]. It is defined as oo when the derivative Df(£) of f at £ is not



surjective, and when D f(§) is surjective as

fnorm (£, €) = I |DFE)TAE)], (1)

where Df(€)T : R™ — R"*! is the Moore-Penrose inverse of the full-rank matrix Df(€),
ie. Df(E)T = DfEOUDF(E)DF(E)Y)™, where Df(€) is the transpose of Df(¢). This
coincides with the inverse of the restricted linear map D f(§)|ker pf(¢))-- Also, the norm in
|IDf(E)TA(€)] is the spectral norm.

Since the expression in the right of (1) is well-defined for arbitrary points = € S”, we
can define finorm (f, ) for any such point.

For 0-dimensional homogeneous systems, that is, for systems f € Hg[n], the quantity
finorm (f, ) in (1) is occasionally defined differently, by replacing D f(z)! by (Df(z)r,)~ "
Here T}, denotes the orthogonal complement of  in R™*! and we are inverting the restriction
of the derivative D f(z) to this space (see [10, §16.7]). This definition only makes sense when
m = n as in this case the restriction (Df(z)r,)~! : T, — R™ is a linear map between spaces
of the same dimension. This is not the case when m # n. Hence the use here of the Moore-
Penrose derivative.

To define the condition of a system f it is not enough to just consider the condition at
its zeros. For points z € R"*! where || f(z)| is non-zero but small, small perturbations of
f can turn z into a new zero (and thus change the topology of Z). Following an idea going
back to [13] and developed in this context in [17] we define
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(If2pn2m (f, ) + [ £ ()2}

where finorm (f, ) is defined as in (1) for x € S™, with the convention that co™! = 0 and
0! = o0, and

K(f,x) :

k(f) = max k(f, ). (2)
Remark 2.1. For any A # 0 we have pnorm(f, %) = finorm (f, Az), since when D f(z) is
11
;
surjective, Df(\z)f = (ADf(x)) =Df(z)TA"L for A = . Similarly,

Adm—1

tnorm (f &) = pnorm (A S, &) for all A # 0, and consequently, k(Af) = &(f).

Note that (f) = oo if only if there exists £ € S™ such that f(£) =0 (i.e £ € Ms) and
Df (&) is not surjective, i.e., f belongs to the set of ill-posed systems

YR = {f € Halm] | € € S™ such that f(£) =0 and rank(Df(§)) < m}. (3)

The following result is proved in Section 6.1. It extends a statement originally shown
for square systems in [16] (see also [10, Theorem 19.3]).

Proposition 2.2. For all f € Ha[m)],

A A
Vadist(f.5) = ") S Galr se)

We prove the following in Section 6.2.



Proposition 2.3. Let m <n+1. For all f € Halm], 0 <e < % and y,z € S"™ such that

(P pp—

— e S

y o D3/2/J/n0rm(f7 y)

we have ] 5
- 5  Mnorm 9 S norm 9 § 1 7) norm 9 .
5z oo (129) < oo (£,2) < (14 52 ) tnom(£:0)

2.2 Moore-Penrose Newton and point estimates

Let f: R*! = R™ m < n+ 1, be analytic. The Moore-Penrose Newton operator of f at
x € R"*1 is defined (see [1]) as

Ny(z) := 2 — Df(2) f(2).
We say that it is well-defined if D f(x) is surjective.

Definition 2.4. Let € R"*!. We say that x converges to a zero of f if the sequence
(k) k>0 defined as x¢ := x and xp41 := Ng(xy) for & > 0 is well-defined and converges to a
zero of f.

Following ideas introduced by Steve Smale in [38], the following three quantities were
associated to a point z € R"*! in [37],

B(f,x) = |IDf(x)! f(a)|l

k() ([T
y(fiz) = max Df(w)TD,‘ff!()
a(f,z) = B(f,2)v(f ),

when D f(z) is surjective, and a(f,z) = B(f,z) = v(f,x) = oo when D f(x) is not surjective.
The quantity 5(f, z) = || Nf(x) — 2| measures the length of the Newton step at z. The value
of v(f,€), at a zero £ of f, is related to the radius of the neighborhood of points that converge
to the zero € of f, and the meaning of «(f,x) is made clear in the main theorem in the
theory of point estimates.

Theorem 2.5. Let f: R"™1 — R™, m < n+1, be analytic. Set ag = 0.125. Let x € R*H!
with a(f,z) < agp, then x converges to a zero & of f and ||z — || < 28(f,x). Furthermore,
ifn+1=m and a(f,z) < 0.03, then all points in the ball of center x and radius v(()f(?i)
converge to the same zero of f.

PROOF. In [37, Th. 1.4] it is shown that under the stated hypothesis, z converges to a

zero & of f and
1 2k_1 1 2k_1
o -l < (3)  bo-al=(3) 8o

Therefore o
o sl < ¥ (3) A0 <@ ath.o)

0<k<i



This implies the first statement. The second is Theorem 4 and Remarks 5, 6 and 7 in [6,
Ch. 8]. O

In what follows we will apply the theory of point estimates to the case of polynomial
maps f = (f1,..., fm). In the particular case where the f; are homogeneous, the invariants
a,f and v are themselves homogeneous in . We have B(f,\x) = \B(f,z), v(f,  \z) =
A1y (f, ), and af, A\r) = a(f,z), for all A # 0. This property motivates the following
projective version for them:

Sprs(F17) 1= ol DS @) 1))
tog(F2) o= [l max | Dyt 2L

C“proj(f’ :B) = BPrOj(ﬁ :E)VprOj(fv x)a

These projective versions coincide with the previous expressions when x € S™ and an a-
Theorem for them is easily derived from Theorem 2.5 above. Furthermore, Bpro; still mea-
sures the (scaled) length of the Newton step, and vpro; relates to the condition number via
the following bound (known as the Higher Derivative Estimate),

1
'YprOj(fa x) < §D3/2Unorm(fa 33) (4)

The proof is exactly the one of [6, Th. 2, p. 267] which still holds for m < n and Df(z)f
instead of Df(x)\;wl.
We now move to “easily computable” versions @, 3 and 7, which we define for 2 € S™:

B — A @]

ﬁ(f?x) T ,U/norm(,ﬂ ) ||f||

i(f’ {E) = %D3/2/~Lnorm(fv x) (5)
a(f,) = Blfa(fe) = D3/2uﬁorm(f,x)”}|c|5”x|)|'

IN Do

_ For x € S", (4) therefore says that v(f,x) < 7(f,z). We also observe that 5(f,z) <

B(f,x) since

5(7.2) = | DF@ @) < [Ps@ 1@ < 1Dy s Dl 5

T

Therefore o f, z) < a(f, ).

2.3 Curvature and coverings

A crucial ingredient in our development is a result in a paper by Niyogi, Smale and Wein-
berger [25, Prop.7.1]. The context of that paper (learning on manifolds) is different from
ours but this particular result, linking curvature and coverings, is, as we said, central to us.

Consider a compact Riemannian submanifold M of a Euclidean space R™t!. Consider
as well a finite collection of points X = {x1,...,2x} in R*™! and also ¢ > 0. We are
interested in conditions guaranteeing that the union of the open balls

Ue(X):= | ) B(x,2)

reEX



covers M and is homotopically equivalent to it. These conditions involve two notions which
we next define.

We denote by 7(M) the injectivity radius of the normal bundle of M, i.e., the largest ¢
such that the open normal bundle around M of radius ¢

Ni(M) = {(z,v) € M xR | v € N, M, |jv|| < t}

is embedded in R"*!. That is, the largest ¢ for which ¢; : Ny(M) — R (2,0) = 2 + v,
is injective. Therefore, its image Tub, () is an open tubular neighborhood of M with its
canonical orthogonal projection map mp : Tub,(rq) — M mapping every point x € Tub, ()
to the (unique) point in M closest to x. In particular, M is a deformation retract of
TubT(M) .

Also, we recall that the Hausdorff distance between two subsets A, B C R**! is defined
as

dp (A, B) = { inf || — b|[,sup inf —b}-
1 (A, B) = max SEBI}QBHG | 52232,4”“ |

If both A and B are compact, we have that dg (A, B) < r if and only if for all a € A there
exists b € B such that |ja—b|| < r and for all b € B there exists a € A such that |ja—b]|| < r.
The following is a slight variation of [25, Prop.7.1].

Proposition 2.6. Let 7 < 7(M) and 0 < r < (3 — V8)T. If dy(X, M) < r then M is a
deformation retract of U-(X) for every e satisfying

. ((r+7)—\/r2+72—6r7 (r+7) + 7“2+72—6r7'>

O

2 ’ 2

Remark 2.7. If we start with r > 0 for which 67 < 7(M) we can take 7 := 6r. In this case
the interval we obtain for the admissible values of ¢ is [3r, 4r].

The quantity 7(M) is strongly related to the curvature of M as shown in Proposi-
tions 6.1, 6.2, and 6.3 in [25]. Even though we won’t make use of these results, we summarize
them in the following statement.

Theorem 2.8. Let 7 :=7(M).
(i)  The norm of the second fundamental form of M is bounded by % in all directions.
(ii) Forp,q € M let ¢(p,q) be the angle between their tangent spaces T, and T,, and
da(p,q) their geodesic distance. Then cos(¢p(p,q)) > 1 — %dM (p,q).

[ 9lp—
(iii) Forp,qe M, dm(p,q) <7—71 1—M. O
T

2.4 Curvature and condition

Theorem 2.8 shows a deep relationship between the curvature of a submanifold M of Eu-
clidean space and the value of 7(M). One of the main results in this paper is a further
connnection, for the particular case where M = Mg, the set of zeros of f € Hg[m] in S",
between 7(Ms) and the values of v on Mg. Define
T(f):=7(Ms) and T(f):= max max{1,v(f,z)}.
S

EAS

In Section 6.3 we prove the following.



Theorem 2.9. We have i

87L(f)"
Note that as max{1,v(f,z)} <7(f,z) we obtain

7(f) >

Corollary 2.10.
m(f) =

8TT(f)

where T'(f) := max,eam. Y(f, 7).

2.5 Grids and exclusion results

Our algorithm works on a grid G, on S", which we construct by projecting onto S" a grid
on the cube C" = {y € R"™! | ||ly||loo = 1}. We make use of the (easy to compute) bijections
¢:C"—S" and ¢! : S™ — C" given by ¢(y) = o and ¢ Hz) = Tl

Given n := 2% for some k > 1, we consider the uniform grid U, of mesh n on C". This is
the set of points in C" whose coordinates are of the form i27% for i € {—2F —2F 41 ... 2k}
with at least one coordinate equal to 1 or —1. We denote by G, its image by ¢ in S*. An
argument in elementary geometry shows that for y;,y, € C",

lo(y1) — d(y2)|l < ds(d(yr), d(y2)) < g”yl -y < g\/” +1y1 — y2lloos (6)

where dg(z1,x2) := arccos({z1,x2)) € [0, 7] denotes the angular distance, for z1,22 € S™.

Given € > 0, we denote by B(z,¢) := {y € R"™ |||y — z|| < ¢}, for z € R"™! the open
ball with respect to the Euclidean distance, and by Bs(z,¢) = {y € S" |ds(y,z) < €}, for
x € S™, the open ball with respect to the angular distance. We also set from now on

sep(n) :=nvn+1 and 6(f,n):=1.1/D(n+1)|fln. (7)

Lemma 2.11. The union Uyeg, B(x,sep(n)) covers the sphere S™.

PrROOF.  Let z € S" and y = ¢~ *(z) € C". There exists y' € Uy, such that ||y’ —y < 2.

Let = ¢(y') € G,. Then, equation (6) shows that ||z —z|| < 2 ZvVn+1<nvn+1. O

In [15, Lem. 3.1] and [10, Lem. 19.22], the following Exclusion Lemma is proved (the
statement there is for n = m but the proof holds for general m).

Lemma 2.12. (Exclusion lemma.) Let f € Hqglm] and z,y € S™ be such that 0 <
ds(x,y) < V2. Then,

1£ () = F@)I < IFIVD ds(z,y).

- - : : IL£ @)l
In particular, if f(x) # 0, there is no zero of f in the ball Bg (Jc, Hfll\/ﬁ)' ]

Corollary 2.13. Let n be such that sep(n) < %, and let x € S™ satisfy || f(z)| > 6(f.n).
Then f(y) # 0 on the ball B(z,sep(n)).



PrROOF.  Let y € R"! such that ||y — z|| < sep(n) < 1. Define h(c) = /2 — 2v1 —€2.
We have [|¢(y) — z|| < h(]ly — z||). Since h(e)/e is monotonically increasing on [0, 1],

1
llo(y) — z|| < 2h(1/2)|ly — z|| < 1.035||ly — z|| < 0.5175 for ||y —z| < 3

Then,

ds(6(y), z) :2arcsin<H¢( y) = H) < 1.012]|¢(y) — z|| < 1.1||z — y|| < L.1sep()

since arcsin is a convex function on the interval [0,0.5175]. Therefore the hypothesis on
|| f(x)|| implies that

If (@)l > 1.1 fIIVDsep(n) > |If|VD ds((y), z)

i.e., that ds(o(y),z) < “ d . Lemma 2.12 then shows, since f(x) # 0, that f(é(y)) # 0

IIf
and we conclude that f(y)

0 as [ is homogeneous. O

3 Computing a homotopically equivalent covering

Set k := [log, 4v/n + 1] so that sep(n) < § for n = 27*, where sep(n) is defined in (7). Our
algorithm works on the grid G, on S" constructed in the previous section, and makes use of
the quantities 5,7 and @ introduced in (5) and 6(f,n) defined in (7). We recall o := 0.125.

Algorithm 1. Covering

Input: [ € Hqg|m)
Preconditions: f #0

let n:=2"F
repeat
X:=0
r = \/sep(n)
€:=3.5"r

for all z € G,
if a(f,z) < ap and
X=X U{x}
elsif ||f(z)|| > d(f,n) then do nothing
elsif go to (%)
return the pair {X,e} and halt
end for

(*) n:=n/2

Output: {X, ¢}

Postconditions: The algorithm halts if f ¢ Yg. If X = () then Mg is empty.
Otherwise, the set X is closed by the involution z — —z, and the union of the
balls {B(z,¢) | x € X'} covers Mg and is homotopically equivalent to it.

ﬁ(ﬁm) >r and 2.28(f,x) <7 then

10



In the sequel we use the quantity
5312 3
C:=max<12(n+1)D, Tvn—l—lD . (8)

Note that we have C = O(n D3?).

Proposition 3.1. Algorithm Covering is correct (it computes a list {X,e} satisfying its
postconditions). Furthermore, its cost is bounded by

O (log,y(Ck(f)) nN(2CK2())") = (nDx(f))°"

and the number K of points in the returned X is bounded by (nDr(f))°™.

The rest of this section is devoted to prove Proposition 3.1.

Lemma 3.2. Let € S" and y € Z(f) be such that |z — y|| < 0.7. Then the point
o(y) = in € Ms satisfies ||z — o(y)|| < L1z — y]|.

PrROOF.  The proof goes exactly as the proof of Corollary 2.13. O

The following two lemmas deal with the correctness of the algorithm.
Assume the algorithm halts for a certain value 7. Let X be the set constructed by the
execution at this stage and set r = \/sep(n).

Lemma 3.3. The sets X and Ms satisfy dg (X, Ms) < r. Furthermore, for all y € Ms,
there exists v € X such that ||y — z|| < r?.

Proor.  The points in G, divide into two groups that satisfy, respectively:

This happens when ||f(x)|| > §(f,n), and therefore, by Corollary 2.13, there

are no zeros of f in the ball B(z,sep(n)) = B(z,7?).

This happens when in particular @(f, ) < g, and therefore, by Theorem 2.5, there
exist zeros of f in the ball B(z,28(f,z)) C B(z,r/1.1) since 2.28(f,z) < r. This implies,
because of Lemma 3.2, that Mg N B(z,r) # 0.

This last sentence shows that for © € X, there exists y € Mg with ||y — z|| < r. In
addition, since by Lemma 2.11, Uyeg, B(z, 72) covers the sphere S” and there are no points
of Ms in Ugeg,\xB(z, r?), it follows that Mg C Uzex B(x,r?) and therefore for all y € Ms,
there exists x € X such that ||y — z| < r? < r. This shows that dy (X, Ms) <. O

Lemma 3.4. Let 7 :=6r. Then 7 < 7(f).

PROOF.  Let y € Mg be such that T'(f) = ¥(f,y), for T'(f) defined in Identity (2.10). By
Lemma 3.3 there exists © € X such that ||z — y|| < r. Hence,

PR S 2

= 8315(f,x) 531 D32 pnorn(fr )

e —yll <7

By Proposition 2.3 (with ¢ = ﬁ) we have pnorm(fry) < (1 + T%g)/v‘norm(fam) <
1.005 pinorm (f, ). Consequently, F(f,y) < 1.005%(f, x) and therefore,

7 =6r< 0 <608 L _ 1 <7(f)
= B315(f,x) ~ B317(fy)  8TH(fy)  8TT(f) ~

the last by Theorem 2.9. O

To bound the complexity we rely on the following.

11



Lemma 3.5. Let C be defined in (8). Suppose n < #(f) and let X be the set constructed

by the algorithm for this 1. Then, for all x € G, either x € X or | f(x)|| > d(f,n).

PrOOF.  Let z € G,,. By the definition of x(f) in (2),

1f ()|
17112 }

b
r2(f)

We accordingly divide the proof into two cases.

< 2max {jip2u(f, @),

Assume first that max {u;(frm(f, x), HJﬂ(sz)Z)HQ} = “ch‘(fﬁl)Q”Q.

In this case )
120w
2 = 2
Cr2(f) = C|fll

n<

which implies

TOIE “”Tji”f [ W%'f L 11/ DD £l = 67,1,

the second inequality since 17 < 1 and the third since C > 12(n + 1)D.

Now assume instead that max {,u;o%m(f, x), %} = gl (fr 7).

In this case
1 2

n< < :
Cr?(f) — Cporm (S @)
We will show that the condition m > /sep(n) of the algorithm holds true, and that

when any of the other two conditions doesn’t hold, then ||f(z)|| > 6(f,n).
Indeed,

(9)

1 V2 1 1 !
Y(f,® :*D?’/2 norm(J> ) < 7D3/2 = - ’
W) = 5D mom(f,2) & 5D e < S 1) 531 \/sep(n)

the second inequality since v/C > %531(71 +1)/4D3/2,
Assume now that @(f,z) > ag. Then

I/ @)
171l

1
Qp < §D3/2/’L1210rm(f’ .T)

which implies

@I > 1l gz 2 WICn 575 2 LLYDE T D Ifln = (f.m),

norm (9)

the last inequality since C > %x/n +1D3 > LivntlD? VZ:W.
Assume finally that 2.2 3(f,z) > /sep(n), i.e.

1/ (@)

2.2 W
£l

norm (f, ) > \/ﬁ(n + 1)1/4~

12



This implies

1/4 C 1/4
1@ 2 A s i CR ) s L B g = o4

since C > 12(n+ 1)D. O

PROOF OF PROPOSITION 3.1. Lemmas 3.3, 3.4 and Remark 2.7 show that if the
algorithm halts, then the current value of r when halting and that of 7 := 6r satisfy the
hypothesis of Proposition 2.6. The fact that 7 = 6r shows that with the choice ¢ := 3.5r
the manifold Ms is a deformation retract of U.(X) and, hence, the two are homotopically
equivalent. Finally, the fact that X" is closed under the involution x — —z is straightforward.
This shows correctness.

To evaluate the complexity, note that Lemma 3.5 shows that the algorithm halts as soon

as
1

Uﬁﬂo:w~

This gives a bound of O(log,(Ck(f))) for the number of iterations.

At each such iteration there are at most R, := 2(n + 1)(%)" points in the grid G,. For
each such point & we can evaluate pinorm(f, ) and || f(2)||, both with cost O(N) (cf. [10,
Prop. 16.45 and Lem. 16.31]). It follows that the cost of each iteration is O(R,N).

Since at these iterations n > 79, we have R, < 2(n+1)(2Cx?(f))". Using this estimate
in the O(R,)N) cost of each iteration and multiplying by the bound O(log,(Ck(f))) for the
number of iterations, we obtain a bound of N (nDx(f))©(™ for the total cost. The claimed
bound follows by noting that N = (nD)®™),

Finally, the number of points K of the returned X" satisfies

K =R,, <2(n+1)(2C /<a2(f))" = (nDk(f))°™. 0

4 Computing the Betti numbers and torsion coefficients
of spherical and projective algebraic sets

Let X be a topological space and {U;};cr a collection of open subsets covering X. We
recall that the nerve of this covering is the abstract simplicial complex N (U;) defined on
I so that a finite set J C I belongs to N (U;) if and only if the intersection Nje;U; is
nonempty. In general the complex does not reflect the topology of X, except when intersec-
tions are contractible, in which case there is the Nerve Theorem, that we quote here from [5,
Theorem 10.7].

Theorem 4.1. Let X be a triangulable topological space and {U;}icr a locally finite family of
open subsets (or a finite family of closed subsets) such that X = U;c1U;. If every nonempty
finite intersection Njc U; is contractible, then X and the nerve N (U;) are homotopically
equivalent. I

Here we use the Nerve Theorem in the case where the sets U; in the statement of the
theorem are the open balls B(xz;,¢) for z; € X where {X, e} is the output of Algorithm 1
and X is their union. Note that as balls are convex, so is their intersection. Hence, these
intersections, if nonempty, are contractible, and we can apply the Nerve Theorem. That is,
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given {X,e} we want to compute first its nerve N := N(U;) and then, the Betti numbers
and torsion coefficients of N'. Proposition 3.1 and Theorem 4.1 ensure that these quantities
coincide for N" and Ms.

In what follows, we assume that we have ordered the set X so that X = {z; < x2 <
... <z} where K = |X] is the cardinality of X'. Then, for k£ > 0, the abelian group C} of
k-chains of A is free, generated by the set of k-faces

{Jc{x1,...,2x} | |J| =k and ﬂ B(xzj,e) #0}. (10)

r;€J

To determine the faces of Cy, from {X,e} we need to be able to decide whether, given a
subset {x;,,...,2;, } of X, the intersection of the balls B(z;,,¢), j = 1,...,k, is nonempty.
This is equivalent to say that the smallest ball containing all the points {z;,,...,z; } has
radius smaller than €, and we can do so if we have at hand an algorithm computing this
smallest ball. Since we are looking here for a deterministic algorithm, we do not apply the
efficient but randomized algorithm of [22, pp. 60-61], whose (expected) cost is bounded by
O((n+2)!k), but we apply a deterministic quantifier elimination algorithm to the following
problem: given w;,,...,r; € R""! and ¢ > 0, decide whether

JzeR" st |lzy, — 2| <efor 1 <j<k.

This can be solved using for instance [27] in time linear in k(). As there are (f) < Kk
subsets of k elements in I, the following result is clear.

Lemma 4.2. The cost of constructing Cy, is bounded by K* - O O

For £k > 1 the boundary map 0y : Cxy — Ci_1 is defined, for a simplex J € Cj,
J = {xil,...,xik}, with i1 <19 < ... < 1g, by

k

ak(J) :Z(—l)j{xil,...,@,...7xik}

Jj=1

where the (k — 1)-face {xj,,...,Zs,,...,2; } is obtained by deleting the jth element in .J.
This map is therefore represented by a matrix M with Op_; rows and Oy columns with
entries in {—1,0, 1}, where Oy, denotes the number of faces in (10).

Proposition 4.3. We can compute the Betti numbers by(Ms),...,bp—m(Ms) as well as
the torsion coefficients of Mg with cost

(nDr(f))°").

PROOF. Algorithm Covering produces, as shown in Proposition 3.1, a pair {X,e} such
that the union U.(X) of the balls B(z,¢), for z € X, covers Mg and is homotopically
equivalent to it. Theorem 4.1 then ensures that the nerve N of this covering is homotopically
equivalent to U (X) (and hence to Mg). It is therefore enough to compute the Betti numbers
and torsion coefficients of A/. To do so, we construct, for kK = 0,...,n — m + 1, the group
Cy (i-e., we determine its faces). This has cost

n—m-+1 n—m-+1
Z Kk . kO(n) _ Z (nDH(f))O(nk)kO(n) _ (nDKJ(f))O(nQ)
k=0 k=0
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by Lemma 4.2 and the bound for K in Proposition 3.1.
With the groups C} at hand we write down the matrices M) corresponding to the

boundary maps 0, for k =1,...,n —m + 1. Next we compute their Smith normal forms
Dka
br,1
_ bk;tk
Dy = 0
L 0 -

Then, dim Imdy, = rank(Dy) = ti, and consequently dim ker 9y = Oy —rank(Dy) = Oy, — tx.
For k =1,...,n —m we thus obtain the Betti numbers

bk(./\/lg) = dim (ker 8k/1mak+1) = O —tx — tpt1

and the same formula yields by(Ms) and b,_,,(Ms) by taking tc = 0. Furthermore, it
is well-known that the kth homology group of A/ (and hence that of Mg as well) has the
structure

Hy(Msg) ~ 70K (Ms) o Ly ®Lipyyy s ® ... @ ZbHMW,

that is, its torsion coefficients are by 1,1, br41,25 -+ Okt -
The cost of this last computations is that of computing the Smith normal forms
Dy, ..., Dy_p. The one for Dy, can be done (see [39]) with cost

O~ ((min{Ox, O_1})® max{O, Oy _1}) = O~ (K®") = (nDr(f))°™")

(here O (g) denotes O(glog®g) for some constant ¢) and hence the same bound holds for
the cost of computing all of them. O

The reasoning above extends in a simple manner to compute the homology of Mp. In-
deed, projective space P™ is homeomorphic to the quotient S™/ ~ where ~ is the equivalence
relation that identifies antipodal points. Now consider the map

sm L pn
associating to x its class [z] = {z, —z}. Because the set X is closed by taking antipodal
points, its image X under [ ] is well-defined and so is the ball in projective space Bp([z],¢) :=
{B(z,¢), B(—x,¢)}. Then, the retraction from the union of the balls B(z,¢) onto Mg
induces a retraction in projective space from the union of the balls Bp([z], &) onto Mp.

Also, given x;,, ..., x5, in X, the intersection of B([x;,], €) is nonempty if and only if there
exist representatives of [z;,], ..., [;,] such that the Euclidean balls centered at these repre-
sentatives have nonempty intersection. That is, if and only if there exist ey, ..., e, € {—1,1}
such that the balls B(ejx;,,¢), B(eaiy, €), - - -, B(exx,, €) have nonempty intersection. This
can be checked by brute force, by checking each of the 2* possibilities. Furthermore, if this
is the case we get, since € < 1,

ﬂ Bp([z;,],€) = [B(eixi,,e) N ... N Begwi,, €)]

1<j<k
= {B(eizi,,e) N...N Blerwi,, €), B(—e1i,,€) N ... N B(—exi, , €) }-
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Since if B(ejzi,,e) N ... N B(egwi,,) contracts to y € R then B(—ejzy,,e) N ... N
B(—eya;,,,€) contracts to —y, then the intersection of B([z],€) contracts to {y,—y} = [y] €
P" and the Nerve Theorem applies: it implies that the nerve N of the family {B([x],¢) | [x] €
X'} is homotopically equivalent to the union of this family. The reasoning of Proposition 4.3
straightforwardly applies to prove the following result.

Proposition 4.4. We can compute the Betti numbers bo(Mep), ..., by_m(Mp) as well as
the torsion coefficients of Mp with cost

(an(f))O("z). O

5 On the cost of computing coverings for random sys-
tems

The following result is a part of Theorem 21.1 in [10].

Theorem 5.1. Let ¥ C RPH! be contained in a real algebraic hypersurface, given as the
zero set of a homogeneous polynomial of degree d and, for a € RPTL a # 0,

ol
€(a) = Tst(a, )"

Then, for allt > (2d + 1)p,

1
Prob{%(a) >t} < 4dedp-—
Lgpl@(a) 2 1) < dedps
and
E (log, €'(a)) < logy p + log, d + log, (4e?). O
aesSP

Remark 5.2. For condition numbers over the complex numbers, one can improve the tail
estimate in Theorem 5.1 to show a rate of decay of the order of t=2(P+1= where ¢ is the
(complex) dimension of ¥ C CPT! (see [21, Theorem 4.1]). Over the reals, such an estimate
(with the 2 in the exponent removed) has only been proved in the case where ¥ is complete
intersection [24]. We suspect that a similar estimate holds for x(f).

We define

Y= {f € Halm]| 32 € C"** such that Z x? =1, f(z) =0 and rank(Df(x)) < m}.

0<j<n
The discriminant variety g defined in (3) is contained in ¥¢.

Proposition 5.3. Let U be a set of N = dimg Hq[m] variables. Then there exists a
polynomial G € QU] \ {0} such that G|s. = 0 and deg(G) < m"*2(n + 1)D"*1. (Here
G(f) for f € X¢ means specializing G at the coefficients of the polynomials in f.)

PROOF. Observe that for generic f = (f1,...,fm) € Ha[m] the map = — Df(z),
x € C"M | is surjective, that is rank(D f(z)) = m, and that the condition rank(D f(x)) < m
is equivalent to the vanishing of all maximal minors of the matrix D f(z) € C™*(n+1),
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For convenience, we write U = {u; o | 1 = 1,...,m, |a| = d;}. We consider the general
(n + 1)-variate polynomials of degree d;,

Fi= > o X" €QU|X], 1<i<m.
la|=d;
Let DF(U, X) € Q[U][X]™* ™+ be the Jacobian matrix of F = (Fy,..., F,) w.r.t. X, and
denote by My (U, X), 1 < k < ¢, all its maximal minors. We consider the polynomials

> X7 -1, Fi(u, X), My(U,X), 1<i<m,1<k<t (11)

0<j<m

. . = ntl
These polynomials have no common zeros in Q(U )n because they have no common zeros
for a generic specialization of U as mentioned at the beginning of the proof, and we can
apply [20, Cor.4.20]. We have

degy (Fy) = d; < D, degy (ZX? - 1) =2, degx (My) < m(D — 1),

degy (Fy) =1, degyy (X:XJ2 - 1) =0, degy (M) < m,
and therefore there exists G € Q[U] \ {0} such that G belongs to the ideal in Q[U, X]
generated by the polynomials in (11) with
degy;(G) < (mD)" ! Z m < m"2(n+1)D"
0<<n
Clearly this polynomial G vanishes on all f € Y. O
Corollary 5.4. Let costg(f) and costp(f) denote the costs of computing the Betti num-

bers and torsion coefficients of Ms and Mp, respectively. For f drawn from the uniform
distribution on S(Ha[m]) = SV ~! we have the following:

(i) With probability at least 1 — (nD)™" we have costs(f) < (nD)°"") . Similarly for
costp(f).
(ii) With probability at least 1 — 2~ we have costs(f) < 20 . Similarly for costp(f).

PrOOF.  For allt > (2(n+ 1)m""2D"*! + 1) N, it follows from Theorem 5.1 and Propo-
sitions 2.2 and 5.3, that we have

1
Prob {k(f) >t} < dem™**(n+1)D"*'N .

fesN-1 t
By taking t = (nD)“" for a constant ¢ large enough, we have

fP§Ob {k(f) > (nD)"} < 4em™ 2(n+1)D""'N (nD)~" < (nD)™".
= N-—1

By Propositions 4.3 and 4.4, for f with «(f) < (nD)“™ we have costg(f),costp(f) <
(nD)°™*). This proves (i).
To prove part (ii) we take t = 2°V for ¢ large enough. Then,

fPéIgbl{n(f) > 2NV < de(n + 1)ym"TEDMHIN2TN < 97N,
LLob

Using Propositions 4.3 and 4.4 again, we have that for f such that x(f) < 2V,
costg(f), costp(f) < (ND)O(”Z)ZO("2N) < 2O(N2), the last as N > %2 O
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6 Remaining proofs

6.1 Proof of Proposition 2.2

We start by defining a fiber version of Y. For x € S we let
Sr(z) := {g € Ha[m] : g(z) = 0 and rank (Dg(z)) < m}.

Note that, for all z € S?, ¥g(z) is a cone in RY. In particular, 0 € g (). The following
result is the heart of our proof.

Proposition 6.1. For all f € Halm| and x € S,

/1]
V2dist(f, Zr(x))

PROOF.  We only need to prove the statement for f ¢ Yg(z). As we saw in Remark 2.1,
k(Af,x) = k(f,x) for all A # 0, and also dist(\f,Er(z)) = |A|dist(f,Er(z)). We can
therefore assume, without loss of generality, that || f|| = 1.

Because the orthogonal group &'(n+1) in n+ 1 variables acts on Hqg[m| x S™ and leaves
Hnorm, £ and the distance to Xg invariant, we may assume without loss of generality that
x=ep:=(1,0,...,0).

For 1 <i < m write

11
<#(f:2) S FF S @)

di di
fz(X) = ZX(I)ii_qfi,q(Xla s ’Xn) = Xgifi,o + ZXgi_qfi,q(Xla s ’Xn)
q=0 q=1
= Xg filen) + X670 o), +Qu(x) (12)
o ’ 1<j<n 8XJ ’ z

where in the first line f; , is a homogeneous polynomial of degree ¢, and in the second,
degy, (Qi) < d; — 2. In particular f;; = Zlgjgn g—)ﬁ(eo)Xj.
We first prove that (f,eq) < 1/dist(f, Xr(eo)), or equivalently,
diSt(f7 ER(GO))z < H(fv 60)72 = N’;c?rm(fv 60) + Hf(60)||2

Write f;1(X1,...,X,) = Vdian X1+ - + V/d;a;in X, for suitable a;;. Therefore

ofi (e0) = { difi(eg) ifj=0

ax; " Vaa;  ifj> 1.
Define 4
hii= fi— X fio = ZLXgi_qfi,q(Xh o Xn)
q=1
for 1 <i¢<m. Then
If =Rl =" flo=D_ fileo)* = |l f(e)]. (13)
i<m i<m
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In addition h;(ep) =0 and for 0 < j < n,

Ohi (.0 - (e0) = difi(eo) = 0 if j=0
0) = , e

0X; 36)]?] (e0) = Vdiaij; if j > 1.

Therefore, we have (recall the definition of A from §2.1)

Vdi fileg) ann ... ain
Vds fa(eo)  ao1 ... ag,

A_lDf(eo) =
V dmfm(eO) am1  --- Qmn
and
0 aiq N A1n
0 a1 N a2n
A_th(EQ) =
0 ami ... Qmn

Let A = (a;;) € R™*" so that A=*Dh(eg) = [0 A]. We know that rank(A4) < m.
If rank(A) < m — 1, then h € Eg(ep) and hence, by (13)

dist(f, Dr(e0))? < If = 11> = [ f(e0)I* < hacm(f, €0) + [1f (e0) 1.
If rank(A) = m, then (the inequality by [14, Lemma 3)),
/’Lnorm(fa 60) = ||(A_1Df(€0))T|| < ”(A_th(eO))TH = Mnorm(h?eo)' (14)

Because of the Condition Number Theorem [10, Corollaries 1.19 and 1.25] there exists a
matrix P € R™*" such that A+ P is a non-zero matrix of rank less than m and

1Pll7 = 1Tt = [I[0 AT 7t = (A~ Dh(eo)) '™ = ftnorm (P, €0)-
Let E = (e;;) = AP € R™*™ and consider the polynomials

9i(X) = hi(X) + X' ey X;, 1<i<m.

j=1

Then g; are not all zero, g;(eg) = hi(eg) = 0, 8829{0 (eg) = g)h(‘g (eg) = 0, and g)ggj (eg) =

g)@; (60) +e; =cy ey = \/cTiaij + e for 1 < j < n. It follows that

Dg(ep) =[0 AA+ E] = [0 A(A+ P)]
and therefore rank(Dg(ep)) < m. Hence, g € Egr(ep). In addition,

di \7! _
Hg - h”2 = Z <d _Zl 1) e?j = Z di 1612j = Z p?j = ||P||2F = ,u?lorm(haeo)'

1<i<m 1<i<m 1<i<m
1<5<n 1<j<n 1<5<n

We conclude as

lg = FII* = llg = AlI* + [Ih = £ o Haoem (s €0) + [L.f (o) I (1S4) Horm (f €0) + 11 (o) 1%,

)

19



and hence, dist(f, ¥ (o)) < [If — gl < pacn (f, €0) + 1 (e0) 1.

We now prove that «(f, eg) or equivalently, that

-1

= V2dist(f,Zr(e0))’
2d1$t(f7 ZR(EO))Z 2 :urTOZrm(.ﬂ 60) + ||f(60)H2

Let g € Xg(eg) be such that dist(f, Lr(eo))? = || f — g||*>. As in Identity (12), write

G0 = XY DI )X 4+ Gi(X),

1<j<n Y

where we used that g(egp) = 0. From this equality and (12) it follows that

fi—9i= X fileo) + | X§i 7" Z <§){f

1<j<n J

- gty ) |+ [0 - @)

(e0)X;

As the three terms in this sum do not share monomials,

8 i 8 7 2
160l 2 feo + 3 (mten) - 2 (o)
J J

1<5<n
1 1)1 1 af; dy; 2
S Zr 2 L 2 | i o i
> Gl + 3 | gier + 1 3 (Gaen) - gaten)
1<j<n
and hence,
1 1 1 ?
_ 2 > - 2 . - _ . - .
If = gl” > 3 (f(eo)ll +]dlag( ) DA (eo) — diag (== ) Dyleo) F)
But rank (diag(\/%)Dg(eo)) < m, and therefore, by the Eckart-Young theorem,
‘diag( ) D (eo) — ding( =) Da(eo)| > o,
VT 7 .
the smallest singular value of diag( \/IUT)D f(eo). On the other hand,
» . 2 1 -2 1N-2
pnorm(f,€0)™* = || Df(eo) ing (V) | = || (dine( ) Ds(eo)) || = (5-) " =

This concludes the proof since

(ILf Co)lI* + tnorm (£, €0)~2)

DN =

(£ Ce)l® + o7) =

DN | =

If = glI* >

as desired. O

PROOF OF PROPOSITION 2.2. We can assume again || f|| = 1. We note that

dist(f, Xr) = min{dist(f, g) : ¢ € Zr} = min{dist(f, Xr(z)) : = € S"},

20



since ¥g = (J,cgn Zr(x). Then, using Proposition 6.1,

B - 1 B 1 1
A(f) = maen(f,w) < max ST min dist(f, Sa(2))  dist(f.Za)’
Analogously,
k(f) = max k(f,z) > ma L = ! — 1
T pegn AT = TR V2dist(f, Sr(z) V2 Hensl}l dist(f,Sr(z))  V2dist(f, Tr)

O

6.2 Proof of Proposition 2.3

The following simple quadratic map, which was introduced by S. Smale in [38], is useful in
several places in our development,

Y [0,00) = R, w1 —4u+2u (15)

It is monotonically decreasing and nonnegative in [0,1 — g]

Lemma 6.2. Let u := ||z — y||v(f,y). For alle € (0,1/2], if u < & then

Nnorm(fa Z) S (1 + gs):unorm(fa y)
Proor.  As Df(y)Df(y)! = Idg= we have
pnor(f:2) = IFIIIDS)TAI = IfIIDf(2) Df(y)Df (y) Al

< IFIDFEIDFWIIDS )AL < munom(ﬁy)

u

[ V)

the last inequality by [37, Lemma 4.1(11)]. We now use that

(17u)2:1—|—u( 2—u >§1+§5

¥(u) 1 —4u + 2u? 2
the last as u < e < % and the fact that % < g in the interval [0, %} O
PROOF OF PROPOSITION 2.3. Because of (4) we have
2e € €
ly — 2] <

D3/2//4norm(f7 y) B i(f? y) S fY(f’ y) .

Hence, we can apply Lemma 6.2 to deduce the inequality on the right. For the inequality
on the left, assume it does not hold. That is,

1
norm\J, 2 < ——% HMnorm ) < Mnorm ) .
Fnorm (f; 2) T (f,y) < pmorm ([, y)

Then, [ly — 2| < T S ey and we can use Lemma 6.2 with the roles of y and
z exchanged to deduce that

pmorm(F,9) < (14 2) tnonm( . 2)

which contradicts our assumption. O
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6.3 Proof of Theorem 2.9

Recall that Z denotes f~1(0) C R**! and Mg = ZNS". The idea of the proof is to show
that if p,q € Mg, p # q, then there are fixed radius balls around p and ¢ such that the
normals at p and ¢ to Mg, i.e., the normal spaces of their tangent spaces at Mg, do not
intersect in the intersection of the two balls. Either the two points are so far that there will
be no intersection between the two balls, or there are close and in that case, Mg around p
can be described as an analytic map by the implicit function theorem. This enables us to
analyze the normals at p and ¢ and their possible intersection.

For the rest of this section we fix an arbitrary point p € Ms, i.e., such that f(p) =0
and [|p|| = 1, with a full-rank derivative D f(p) and we set 7, := max{v(f,p),1}.

For any € > 0 and any linear subspace H C R"™! we denote by B. ;(0) the open e-ball
in H centered at 0 and by Be g (p) := p+ B¢, u(0) the same but centered at p. In the special
case that H = R"*! we simply write B.(0) and B.(p).

We recall that, because of Euler’s formula, p € ker D f(p). We define

T:= (p)l, Hy:=kerDf(p)NT, Hy = keer(p)l cT, Hs := Hy + (p),

and consider the orthogonal projections m; : R**! — H; fori = 1,2, 3. Note that H;, Ho, H3
are linear spaces of dimension n —m, m, and m + 1 respectively. In addition, T = Hy 1 Hs
and R"*! = H; | H3 = ker Df(p) L H,, where the symbol | denotes orthogonal direct
sum.

Proposition 6.3. Define ¢y = 0.024. Then Z N ng(p) is contained in the graph of a
real analytic map w : Bew py (p) — Ha satisfying w(p) = 0, ||Dw(p + x)|| < 2.3 ||x|ly, and
lw(p + )|l < 1.15 ||z[|*v;, for all 2 € Bex 4, (0).

Tp

Figure 1 below attempts to summarize the situation described in Proposition 6.3.
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T+p

ker D f(p)

H> / " T
>

0

Figure 1

PRrROOF. The general idea is to first apply (and get explicit bounds for) the Implicit
Function Theorem to get a real analytic map wo : Bew yver ps(p) (p) — H, satisfying that
Ip’

ZN B% (p) is contained in the graph of wy with wo(p) = 0, ||[Dwo(p + x)|| < 2.3||z|y, and
[lwo(p —|—px)|| < 1.157,||z||? for all z € B%,keer(p)(O)- We then restrict B% (p) to B%’T(p)
and wg to Hy; C ker D f(p) to obtain w satisfying all the stated conditions.

The process is involved and we describe it as a sequence of claims.
Claim 1.  For all z € R"™! such that u = u(z) = ||z||v(f,p) < 1 — @ the derivative
Df(p+ z)|u, of f with respect to Hy at p+ z is invertible.

Indeed,

_ 1
IDf ), Df (0 + 2)|m, — 1, || < [IDf(0)'Df(p+ 2) — mo|| < -z 1<1
the first inequality by properties of Moore-Penrose inverse and the second by [37,
Lem. 4.1(9)]. Therefore, by [10, Lem. 15.7], Df(p)|;Iin(p + 2)|m, is invertible, which
implies D f(p + z)|p, invertible as desired. This proves Claim 1.
From now on, since R"*! = ker Df(p) & Ha, we write indistinctly f(p) or f(p,0) as
p € ker Df(p), and for = = (z,y) € ker Df(p) @ Ha, f(p+2) or f(p-+,9).
Let
=) )
2 /v(f,p) )
For all z = (zg, o) € 2, Claim 1 ensures that D f(p+xo, yo)|m, is invertible. If f(p+2z) =0,
the Analytic Implicit Function Theorem ensures the existence of an open set U C ker D f(p)

Q= {2 = (z,y) eker Df(p) & Hy | ||2I| < (
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around z(, an open set V C Hy around yo and a real analytic map w, : p+ U — V such
that

{p+z,w.(p+2)|[zeUt={p+zy €(p+U)xV|flp+zy) =0}  (16)

Recall the decreasing map v defined in (15) and consider also the function

_u

1 —u)? 1 2u(1
o= LR Ly 205
Plu) \(1—wu) ¥(u)
We observe that ¢(u) < 2.2u for u < 0.024 =: ¢;.
Claim 2. Let z = (zo,y0) € Q and u = u(z) = ||z||v(f,p). If f(p+ 2z) = 0 then
[ Dw. (p + o)l < é(u).
This is Lemma 5.1 in [37] (with 2,y and o there corresponding to p,p + z and Dw, in
our context, and in the particular case where f(p + z) = 0).

Let now wy be w, for z = (0,0), and denote by 0 € Uy C ker Df(p) and 0 € Vo C Hy
the open sets given by the Implicit Function Theorem in last paragraph. We observe that
by Claim 2, we have Dwy(p) = 0 since ¢(0) = 0.

Claim 3. We have

ID?wo(p)l| < 2v(f,p)-

First note that by the Implicit Function Theorem, Dwgy(p) = —(Df(p,0)|m,) "t o
Df(p,0)|ker Df(py = 0 and f o (Id,wp) = 0 in (p + Up) x Vj, so

D?(f o (1d,wo))(p)
D?£((1d,0), (1d,0))(p) + (D f(Id, wo)(0, D*wo))(p)
= sz((ld,()), (Id,O))(p) + Df(p)|H2D2UJ0(p).

0

Note we have removed the symbol o in the compositions from the second line above. We
have done, and keep doing, this to make the notation lighter.
So, D%wy(p) = —Df(p)'D?£((1d,0), (Id,0))(p) and we obtain the inequality

1/k—1

k
1D ) =2v(f,p)

k!

|D%wo(p)| = 1D (p) D2£(14,0), (14, 0)) (p) | < 2max| Df(p)

from the definition of v(f,p). Claim 3 is proved.

Claim 4. Recall ¢y = 0.024. The analytic map wqg : p + Uy — V, can be analytically
extended on the open ball Bev v, p(p)(P), and for all p+x € Bey yo, pr(p) (D), its extension

—also denoted by wg— satisfies the following:
() [[Pwo(p + )| < 2.3 ||z[lp, and
(i) llwo(p + )| < 1.15 ||| >y, < 52T

Since wy is defined in p 4+ Up, there exists r, 0 < r < %

Bi xer Df(p)(p) and satisfies Conditions (i) and (ii). To see (i) we note that the equality

, such that wq is defined on
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| Dwo(p)|| = 0 along with Claim 3, the Mean Value Theorem and the fact that wq is defined
and C? on p + Up imply that

[Dewo(p + )| < 2.3z (17)

for z sufficiently close to 0. For (ii), from (17) and the Fundamental Theorem of Calculus,
we have

1
lwolp + )| = [lwo(p + 2) — wo(p)]l S/ [ Deo(p + t)x||dt
0

IN

1 1
/ I1Den(p+ o)l < / 2.3t ][>, dt (18)
0 1 0

115 ||z)%y, < 1.15 “ < 20007,
o Tp

Let us show that the supremum g of all 0 < r < % such that wo(p+z) can be analytically
extended to By ker pf(p) () and satisfies Conditions (i) and (ii) is exactly ro = ;—1 We assume
the contrary, that ro < %, and show that in that case wy can be extended a little further.

Let zp be any point in ker D f(p) with ||zg|| = r9. We note that the continuous map
wo is bounded on the ball B, wer pf(p)(p) because Condition (i) holds there. Thus we can
consider the limit yo := tlir{l* wo(p + tzg). Then, reasoning as in (18)

1 2
c 0.0007
luoll < / | Dan(p + tzo)olldt < 115 |y < 115 T < .
0 Yp Yp

Using the inequality above and the triangle inequality we obtain

I@owo)ly < (llzoll+ 135 1@l ) = llolly (1 + 115 2o 17

< 01(1 +1.15 cl> < (1 - Q) (19)

T0<% 2

Hence, z := (zg,%0) € Q and f(zo,y0) = 0. This implies that there exist an open ball
U C ker Df(p) and an open set V' C Hy around zo and yo respectively, and a real analytic
w, : p+ U — V such that (16) holds.

Since [|yo|| < 1.15||xo/?v,, by taking a smaller ball U we can further ensure that w,(p+
r) C B1.15||2|j2~,,H, (0) for z € U. So, (ii) holds for w, on p + U. Furthermore, we may use
Claim 2, Inequality (19), and the fact that ¢(u) < 2.2u for all 0 < u < ¢1 to deduce

|Dw- (p + wo) | < 220l (1 + 1.151) < 2.3 [z,

so that w, also satisfies (i) on p + U, possibly taking an even smaller U.

Finally, since the analytic maps wo, defined on p 4 € By xer Df(p)(P), and w;, defined
on p+xg+x for x—x € U, coincide by (16) on B, xer p(p)(p) U, which is non-empty and
connected, w, is an analytic continuation of wy on p + U around p + xy. Let us denote by
U, this open ball around z for z € Sg := {z € ker Df(p) | ||z|| = o} and let U := Uyes, Us.
Consider the function ¢ : Sy — R defined by

o(x) =sup{t e R | [z,tx)) C U}.
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Note that by construction ¢t > 1 for every x. As ¢ is continuous and S is compact and
connected the image ¢(S) is a closed interval [¢,¢'] with 1 < ¢ < ¢'. Furthermore, there
exists x, € Sy such that ¢(x,) = £ and, hence, £ > ”’:‘T* > 1, where r, is the radius of U, .
It follows that we can extend wq to the open ball in ker D f (p) centered at p with radius
ro + 7« > 19 and both (i) and (ii) hold in this ball, a contradiction. This finishes the proof
of Claim 4.

Claim 4 shows that for all ¥ € Ber o pg(p) (0) the point y = wo(p+z) satisfies (p+x,y) €

Z and |jy|| < %. We will next see that it is the only point in Hy satisfying these two
conditions. To do so, for each x € ker D f(p), we define g, : Ho — R™ as the restriction of
fto{p+ J;} X Hg so that ¢,(0) = f(p + ). Because of Claim 1, for all y € Hs such that

I, )

invertible for

(p + x,y) |m, is invertible. In particular, Dg,(0) = Df(p + z)|m, is

Claim 5.  For all x € ker Df(p) such that u = u(z) = ||z||v(f,p) < 1 — i, we have
a(g.,0) < W

To show this claim we adapt the proof of [6, Prop. 3, p. 160]. First we verify that
7(90,0) = v(flipyx 5> 2) < ¥(f,p). To do this we note that

D*f(p)

+D¥f(p) B ;
Y(f,p) := max || D f(p)’ o =max max_ |Df(p)t— 7wy, wi)
and
L DF ey () | D*f(p)|u,
V(flpyrzsp) = max | Df |y, (p) 1277 = max||Df(p )IHlT
1D f( )‘HQ FoT

= max max
k>1 vq,...,vp,€Sm—1

Df()x, T(vl,---,vk)

Modulo an orthogonal change of basis (that does not modify norms), we can write D f(p) =

0
_ . This proves that ,0) < ,p). Also,
( Df<p)‘Hi ) p 7(90,0) < ~(f,p)

B(92,0) = [|Dgx(0)"" g2 ()| < IDf(p + ) s DF D) |1 Df (0) 7y £ (0 + ).
By [37, Lem. 4.1(10)),
(1—wu)?
¥ (u)
while by the multivariate version of [6, Lem. 4(b), p. 161],

1Df(p+ )17, Df (0) ]l <

] ]

D —1
IDF®)e, £+ ) < T o) = 1-w

since B(f,p) = 0. This implies 8(g.,0) < i}(*uu) Ilz|]-
Also, in the same way that we verified that v(go, 0) < v(f,p) we can check that y(g.,0) <
v(f,p+ z), and therefore, as in the proof of [6, Prop. 3, p. 162], one gets

(g0, 0) < v(f,p)

< W) (20)
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Multiplying 8(g.,0) and v(gs,0) we conclude that as long as u = [|z||v(f,p) < 1 - %

we have
a(gs,0) <

P(u)?
This proves Claim 5.
Claim 6.  Recall ¢; = 0.024. For all x € ker D f(p) with ||z| < f/—;, there is at most one

zero of the map g, in the ball ||y|| < %242 044

For 0 < u < ¢; one has 0.905 g ¢( ) < 1 and ( Tz < 0.03. Thus, by Claim 5,
a(gz,0) < 0.03 for all = € ker D f(p) with ||z| < ,‘;; The second statement in Theorem 2.5
applied to g, tells us that 0 converges to a zero of g, and that all points in the ball of radius
7&8750) converge to the same zero. This implies that there is at most one zero of g, in the
ball of radius

005 _ 0.05¢(u)(l—wu) _ 0.054(0.024)(1 —0.024) _ 0.044
Y(92,0) (20 v(f,p) - v(fsp) ~ y(fip)

which proves Claim 6.

We can now finish the proof of the proposition. Since Bcl( ) C Bcl Ker Df(p) (D) X
Bo.oas p,(0), it follows from Claims 4 and 6 that Z N Be (p ) is m(:luded in the graph
GI‘ZZ)()) of wg. We finally restrict Z N Bei (p) to 2N BQ’T(;;S, and therefore wy restricts to
w: Ber gy (p) — Ha, as explained at thewgeginning of thz proof. The bounds for || Dw(p+x)||
and ||25(p + )| follow from Claim 4. O

Lemma 6.4. Let w be the map of Proposition 6.3 and define the following continuous map

xT

[(p+z,w(p+ )|

©:Bey gy (0)C Hy — Hy, ()=
Tp’

Then ® is a bijection onto its image and satisfies
(1) [[®(x)]l = 0.9997||],
(ii) || D®(z)~!|| < 1.0013.

Proor.  If we define the map
S:Ba g, (0) = R, S@) =|l(p+z,w(p +2)], (21)

then ®(z) = %, which implies that ® maps rays to themselves. To see that ® is bijective,
it is therefore sufficient to see that it is monotone increasing along rays, so we study its
derivative along rays and show it is positive.

Let x = tv with v a unit vector and differentiate ®(tv) = S(tv) w.r.t. t to obtain

a® (el W)~ UDw(p + e+ 1)
dt S(tv)? :
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As we have

HPwlp +tojv,wp+tv))| < tDwlp+tv)llwlp + )l S632-3t27pllw(p+tu)ll
rop. 6.

2
C

< 23 |wp+to)| < 2wlp + )]
tg% Tp

since ¢; = 0.024 and 7, > 1, it follows that

1+ w(® + t0) || = t{Dw(p + to)v,w(p + t0)) > 1+ [wp+ tv)]? = 2|lw(p + to)]|
= (1—Jwip+t)])? =0,
since [Jw(p + tv)|| < 1.15¢t%y, < 1.15¢3 < 1 by Proposition 6.3 for |t| < 5+ This shows that
® restricted to {tv}‘t|< e is strictly monotone, as wanted.
<zt

To show the bounds (i-ii) we first note that for any = with ||z| < %, by Proposition 6.3,

we have
9 o\ 1 cf 20411 2 2.4
S() = A+]|z]]F+lwp+2)])? < 1+?+1.15 p < 4/1+4 i+ 1.15%¢] < 1.0003,
P P

and hence ||®(z)|| = 12 > 0.9997||2||. This shows (i).
S(x)

Also, for any y € Hy,

(z,y) + (w(p+z), Dw(p + z)y) .

DS(z)y = S()

As (z,y) < ||z||||ly|l and by Proposition 6.3,

(w(p+2), Dw(p+a)y) < |wp+a)ll|Dwp+a)||lyll < 265z llyll < 265 |2]llyl,

ol <L
we deduce that
1 1.0016||z (|||l
D < ——(142.65¢7 < —
[DS(e)] < 5051+ 2656 lalllyl < =g
So,
1.0016| ||
D < — <1.0016 22
IDS(e)] < =g < L0016]e] (22
since S(x) > 1.
We now use that ®(z) = Sfm) to derive that, for any y € Hy,
S(x) —axDS(x)
O(z)y = 22 T
Do(z)y swz Y
and, consequently,
S(z) — 1.0016|z||? 1 - 1.0016 ¢2 1 - 1.0016¢2
D > > Gy s 2T G
Do > ZEg Pl > e vl 2 S )
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the last inequality since S(z) < 1.0003. Therefore,
| D@ (x)y|| > 0.9988||y]|.

It follows that the smallest singular value o of D®(z) satisfies ¢ > 0.9988 and therefore

|[D®(x)~"| = = < 0.0013.

1
o
This shows (ii). O

In what follows, we denote by ¢ the map ¢ : R**1\ {0} — S,,, ¢(2) = Hzi\l’ as we did in
Section 2.5.

Lemma 6.5. For alle € (0,1), ¢(Z2 N Ber(p)) = Ms N ¢(Be)(p)), where h(e) = .
PROOF. The worst possible situation corresponds to a point z € Z N B, r(p) with

||z — p|| = e. This situation is depicted in Figure 2.

Figure 2

If o denotes the angle at the origin in the figure, then e = tan(«) and h(e) = sin(«) so

that h(e) = sinarctan(e) = A O

Proposition 6.6. Define co = 0.023 and let ® be the map defined in Lemma 6.4. Then
Ms N (b(BC;z (p)) is contained in the graph of a real analytic map
Tp

9: p—l—(I)(B%’HI(O)) Cp+ Hy — Hs

satisfying 9(p) = 0, [[DI(p + @)|| < 34|z, and [9(p + 2)|| < L.7||z|[*yp, for all z €
@(Bi H1(0)>' Moreover, Bea g, (0) C @(Bi Hl(O)).
Tp’ Ip’ Tp’

Proor.  Write B = @(BQ1H1 (O)) By Lemma 6.4, ® is a bijection onto B. Let w be the

map defined in Proposition 6.3. We recall H3 = Hs + (p) and 73 is the projection onto Hj
and define

19p+8 — H3
ptz = (mo(d,w))(p+ 2 '(z) —p,
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where ¢(p + 2/, y) := % for (¢/,y) € Hy x Ho.

Note that ¥(p) = 0.
For z’ := ®~!(z) we have

Ip+x)=m36(p+2,wlp+1z))—p.

’

Also note that z = ®(2') = T o = Mol + z',w(p + 2')) implies that, for each
x € B (or, equivalently, for each 2’ € ®1(B) = Bz 5, (0)) ,
Tp’

(p+z,9p+2z) = (p+zmolp+a wp+a'))—p)=(z,7m6(p+2" wp+2)))
= (m,m)o(p+a ,wp+a'))=¢(p+a wp+a)) (23)

modulo the identification H; x H3 = H; & Hz = R"*1. Identity (23) shows that Gr(9) =
6(14,)(Bzs 1, (0)).
Now, from Proposition 6.3 we know that

2N B r(p) € Gr(w) = (Id,w)(Ba 5, (p)
and therefore, by Lemma 6.5,

MsN6(B_o_(#)) = 62N Ber 2(0) € ¢(1d,0)(Bes g, (p)) = Gr(v).

21 .2
Vptet

As v, > 1 we have ’yf, + c% < 1.0006712, and therefore ) > £ for ¢y := 0.023. This

shows that Mg N ¢<B% (p)) C Gr(v).

We now show the bounds. By definition, for all x € B one has 9(p+x) = (30 ®~1)(z),
where 93 : Ber y (0) — H3 is defined as

Y3(2') = m3o(Id,w)(p+2') —p = W - (1 S )p7

where S(z’) is defined in (21). Hence, for z € B,
DY (p+ x) = Dip3 (@~ (x)) o DO (). (24)

For 2/ € Bei y (0) and any y € H; we have
Tp’

Dw(p+a')y DS )yw(p+a’) DSy’
Dips(z')y = _ _
e = (24 Sy S@y
Therefore,
Dw(p+a)|| | [DS)|l[lew(p+ 2| DS
Din(a! < [
[Dustel s sw) T swr sy
< 2.3)|2"|[v, + 1.0016]|2"[|1.15]|’ |2, + 1.0016]|2"
S(z')>1
< |2/ |17y (2-3 4+ 1.0016 - 1.15 - ¢§ 4+ 1.0016) < 3.303[z’ ||y,

27| < EL 7y 21
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by Proposition 6.3 and Inequality (22).
Going back to (24), using that D®~!(z) = (D®(®~1(x)))~!, the above inequality and
Lemma 6.4(i,ii), we obtain for any x € B,

IDV(p+ )| < | Dys(@7 ()| [|ID2™ ()]

[1Dy3(27H (@) [[[[(DR(@7H(2))) M| < 3.303|97 ()], - 1.0013
3.303 - 1.0004 x|, - 1.0013 < 3.4z|y,.

IAIA

Now, we deduce that
[9(p + @)l < 1.7]|][* .

the same way we deduced the bound for ||w(p + z)|| in Proposition 6.3.
Finally, Lemma 6.4 also implies that Bex g, (0) C @(BQ,HI (0))7 since for [[2'| = <L,

”(p(x/)” 2 0.9997¢y 2 c2 O
Tp p

Lemma 6.7. Let ¢ : Hi — Hj3 be any linear map and E C Hy X Hs be the graph of .
Then,

(i) B+ = {(—¢*(v),v) | v € H3} C Hy x Hs.

(ii) Let w € H3 N ((p +z,9(p + x)) + EL) for ¥ the map of Proposition 6.6 and x €

®(Bzx g, (0)) € Hy. Then |lw —p| = {2} — [9(p + @)l

PrOOF. (i) For all z € Hy and v € Hs we have

((z,0(2)), (=¢"(v),v)) = (2, =" (v)) + (p(2),v) = —(z, 9" (v)) + (2, ¢"(v)) = 0.

This shows that the linear space {(—¢*(v),v) | v € H3}, of dimension dim(H3), is included
in E+. The reverse inclusion follows as both spaces have the same dimension.

(i) Asw e ((p+=,9(p+ ) + EX) = ((z,p+ 9(p + x)) + E*), we use Lemma 6.7(i) to
deduce the existence of v € Hs such that w = (z,p + 9(p + z)) + (—¢*(v),v) € Hy X Hs.
Hence, since w € Hs, x — ¢*(v) = 0, i.e., z = ¢*(z), and w = p+9J(p + z) + v, ie.,
w—p="9@p+x)+v. We deduce

ol > 2L el

I e R
and, consequently, [[w = p|| > [[v]| = [|9(p + 2)|| > {2} — [19(p + @) H
PROOF OF THEOREM 2.9. We show that for all points p, ¢ € Mg the normals N, and

N, of Mg at p and g, i.e., the normal spaces to their tangent planes at Mg, either do not
intersect or, if they do, the intersection points lie outside B e, (p)N B e (q). Therefore,
Yp Yp

. C2 - C2 > 1
pEMs 27, 2 maXpensYp  STL(f)’

since Mg is compact and ¢y = 0.023.
To prove this statement, we take p to be the point in the preceding development (which
is arbitrary on Ms) and divide by cases.
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(i) If [lg — pl| = £2, then B = (p) N B2 (q) = (), which implies that the normals N, and N,
P TYp TYp
cannot intersect at any point in the intersection of these two balls.
(i) If ||g — p|| < 22, then g € Mgn d)(BQ(p)) is in the hypothesis of Proposition 6.6. Let
P Tp

2
xo € (I)<BC—1,H1(O)) C H; be such that ¢ = (p + zo,9(p + 20)). Then (’%) > |lg—pl? =
lzolI* 4+ 19(p + 20)||* > |lzol|* implies 2o € Bez g, (0), and hence, by the last statement in

2,

Proposition 6.6, p + xg belongs to the domain of ¥ and we may consider its derivative
Q= D'l9(p+.’£0) cHy — Hg.

Then the graph F := Gr(¢p) is a linear subspace of R"*! and the normal N, to E at
q= (p+x0,9(p+ x0)) equals (p+ x0,9(p + z0)) + E+. Analogously the normal N,, of Ms
at p equals p + Hi* = p+ Hs = Hs.

Suppose now that N, = (p + z,9(p + 2¢)) + E* intersects N, = Hj at a point w.
Applying Lemma 6.7(ii) and Proposition 6.6 we obtain

[[@ol [[zoll 2
w—p > e — 19p+x > —— = 1.79|x
2
> 1 _17e 62( L —3.4c2) > 2
3.4y, Vp 2p \1L.7co 27p

the third inequality as ||zg|| < 2. This shows that N, and Ny do not intersect in B < (p).
P Tp
O

7 On numerical stability

In this last section we deal with the numerical stability of our algorithms. Part (iv) of
Theorem 1.1 claims that our algorithms are numerically stable. We now give a precise
meaning to this claim.

Numerical stability refers to the effects of finite-precision arithmetic in the final result of
a computation. During the execution of such computation real numbers x are systematically
replaced by approximations £1(x) satisfying that

f1(z) = (1 + 9), with 0] < €mach

where emach € (0,1) is the machine precision. If the algorithm is computing a function
¢ : R? — R? a common definition of stability says that the algorithm is forward stable
when, for sufficiently small mach and for each input a € R?, the computed point ¢(a) € R?
satisfies

[ ¢@) = 2@ < emn (@) cond(@) P, q). (25)

Here P is a polynomial (which in practice should be of small degree) and cond(a) is the
condition number of a given by

g o @ = @] al
cond(a) =iy S T Ta—al Te(@] (26)
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We observe that cond(a) depends on ¢ and a but not on the algorithm and that inequal-
ity (25) is satisfied in first order whenever the algorithm is backward stable, that is, whenever
it satisfies that

p(a) = p(a),  for some a satisfying [|[@ — a|| < [lallemach P(p; 9)- (27)

These notions are appropriate for a continuous function ¢ (such as in matrix inversion,
the solution of linear systems of equations, the computation of eigenvalues, ...) but not
for discrete-valued problems: if the range of ¢ is discrete (as in deciding the feasibility of
a linear program, counting the number of solutions of a polynomial system, or computing
Betti numbers) then definition (26) becomes meaningless (see [10, Overture, §6.1, and §9.5]
for a detailed exposition of these issues). For these, a now common definition of condition
number, pioneered by Jim Renegar [28, 29, 30], consists of identifying the set 3 of ill-posed
inputs and taking the condition of a as the relativized inverse of the distance from a to X.
That is, one takes

%(a) == llall

= e (28)

Proposition 2.2 shows that our condition number x(f) is bounded by such an expression
(with respect to the set of ill-posed inputs Xg).

The idea of stability changes together with the definition of condition. The issue now is
not the one underlying (25) —given emach, how good is the computed value— but a different
one: how small does emach need to be to ensure that the computed output is correct? The
answer to this question depends on the condition of the input at hand, a quantity that is
generally not known a priori, and stability results can be broadly divided in two classes. In
a fized-precision analysis the algorithm runs with a pre-established machine precision and
the users have no guarantee that the returned output is correct. They only know that if
the input a is well conditioned (i.e., smaller than a bound depending on emnach) then the
answer is correct. In a variable-precision analysis the algorithm has the capacity to adjust
its machine precision during the execution and returns an output which is guaranteed to
be correct. Needless to say, not all algorithms may be brought to a variable-precision
analysis. But in the last decades a number of problems such as feasibility for semialgebraic
systems [19] or for linear programs [18], real zero counting of polynomial systems [15], or
the computation of optimal bases for linear programs [11] have been given such analysis.

In all these cases, it is shown that the finest precision €}, used by the algorithm satisfies

. 1

€mach — W (29)

where p is the size of the input and %(a) is the condition number defined in (28). We can
(and will) consider algorithms satisfying (29) to be stable as this bound implies that the
number of bits in the mantissa of the floating-point numbers occurring in the computation
with input a € R? is bounded by O(log, p + log, € (a)).

It is in this sense that our algorithms are stable.

Proposition 7.1. The algorithms in Propositions 4.3 and 4.4 computing the homology
groups of spherical and projective sets, respectively, can be modified to work with variable-
precision and satisfy the following. Their cost, for an input f € Hq[m], remain

(nDx(f))°")
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and the finest precision €., used by the algorithm is

. 1

€mach = (’I’I,DH(f) logN)O(l) :

SKETCH OF PROOF. A key observation for the needed modification is that only the
routine Covering needs to work with finite precision. Indeed, we can modify this routine to
return a pair {X,e} where all numbers, coordinates of points x in X and ¢, are rational
numbers (expressed as quotients of integers in binary form). Furthermore, we can do so
such that the differences ||x — ¥ and |¢ — £] between the real objects and their rational
approximations are small. Sufficiently small actually for Proposition 2.6 to apply to (j(v ,E)
(recall that Remark 2.7 gives us plenty of room to do so).

From this point on, the computation of the nerve A/ and then of the homology groups
of either Mg or Mp is done symbolically (i.e., with infinite precision). The complexity of
the whole procedure, that is, its cost, which now takes account of the size of the rational
numbers occuring during the computation, remains within the same general bound in the
statement.

We therefore only need to show that a variable-precision version of Covering can be
devised that returns an output with rational components and that satisfies the bounds in
the statement. This version is constructed, essentially, as the variable-precision version of
the algorithm for counting roots in §5.2 of [15] is constructed in §6.3 of that paper. We do
not give all the details here since these do not add anything new to our understanding of
the algorithm: we just “make room” for errors by weakening the desired inequalities by a
factor of 2; in our case, the inner loop of the algorithm becomes

for all z € G,
if a(f,z) < % and
X =XU{z}
elsif ||f(x)|| > 25(f,n) then do nothing
elsif go to (%)
return the pair {X,e} and halt
end for

W(fx) >r and 4.46(f,r) <r then

Also, as Proposition 2.6 does neither require the points of X to belong to the sphere, nor a
precise value for e, there is no harm in returning points (with rational coefficients) close to
the sphere and to work with a good (rational) approximation € of 3.5,/sep(n). O

We close this section by recalling that the biggest mantissa required in a floating-point
computation with input f has O(log,(nDk(f)log N)) bits. If f is randomly drawn from
SNV=1 this is a random variable. Using the second bound in Theorem 5.1 along with Propo-
sitions 2.2 and 5.3 it follows that the expectation for the number of bits in this longest
mantissa is of the order of

O(nlogy(Dm) 4 logy N + logy n).

This is a relatively small quantity compared with (and certainly polynomially bounded in)
the size N of input f.
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