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The probability that a small perturbation of a
numerical analysis problem is difficult”

Peter Biirgisser! Felipe Cucker! and Martin Lotz*

Abstract. We prove a general theorem providing smoothed analysis estimates
for conic condition numbers of problems of numerical analysis. Our probabil-
ity estimates depend only on geometric invariants of the corresponding sets of
ill-posed inputs. Several applications to linear and polynomial equation solv-
ing show that the estimates obtained in this way are easy to derive and quite
accurate. The main theorem is based on a volume estimate of e-tubular neigh-
borhoods around a real algebraic subvariety of a sphere, intersected with a disk
of radius o. Besides ¢ and o, this bound depends only the dimension of the
sphere and on the degree of the defining equations.

1 Introduction

In a seminal article [12] J. Demmel suggested that “to investigate the probability
that a numerical analysis problem is difficult, we need to do three things:

(1) Choose a measure of difficulty,
(2) Choose a probability distribution on the set of problems,

(3) Compute the distribution of the measure of difficulty induced by the distribu-
tion on the set of problems.”

Then, for the measure of difficulty, Demmel proposed the condition number. This is
a positive number which, roughly speaking, measures the sensitivity of the output
to small perturbations of the input. It depends only on the input data and the
function being computed. Condition numbers occur in endless instances of round-
off analysis. They also appear as a parameter in complexity bounds for a variety of
iterative algorithms.
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fDept. of Mathematics, University of Paderborn, Germany. Partially supported by DFG grant
BU 1371.

‘Dept. of Mathematics, City University of Hong Kong, Kowloon Tong, Hong Kong. Partially
supported by CityU SRG grant 7001860.



The main results in [12] carry out an analysis as sketched in (1)—(3) above for
the condition number % of several problems. This analysis exhibits bounds on the
tail of the distribution of € (a), showing that it is unlikely that € (a) will be large.
.From these bounds one can obtain, using standard methods in probability theory,
bounds on the expected value of In(%(a)), estimating the average loss of precision
and average running time for algorithms solving the considered problem. Demmel’s
results thus yield prime instances of average-case analysis of algorithms in numerical
analysis.

While average-case analysis has undoubtedly advantages over worst-case analy-
sis, it is not itself without shortcomings, the most noticeable being the arbitrariness
of the selected probability distribution on the set of inputs. To find a way out of
these shortcomings, D. Spielman and S.-H. Teng [30, §3] proposed a new form of
analysis that arguably blends the best of both worst-case and average-case. The
idea is to replace showing that

“it is unlikely that %'(a) will be large”
by showing that

“for all @ and all slight random perturbations Aa, it is unlikely that
% (a + Aa) will be large.”

A survey of this approach, called smoothed analysis, can be found in [30, 33]. If
9(c,0) denotes a probability distribution centered at ¢ € RPF! with covariance
matrix a2idp+1, and E denotes mathematical expectation, we may summarize the
objects of study of worst-case, average-case, and smoothed analyses, for a function
¢ : RPYL S R, in the following table.

worst-case analysis | average-case analysis | smoothed analysis

sup (a) E ¢(a) sup E ¢(2)
acRp+1 a€2(0,0) ac€Rr+1 z€P(a,0)

A remarkable feature of [12] is that the average-case analysis performed there
for a variety of problems is not done with ad-hoc arguments adapted to the problem
considered. Instead, these applications are all derived from a single result bounding
the tail of the distribution of %'(a) in terms of geometric invariants (degree and
dimension) of the set of ill-posed inputs of the problem for which % is a condition
number.

A first goal of this paper is to extend the results of [12] from average-case to
smoothed analysis. We will, however, also prove average-case bounds. Demmel’s
paper dealt with both complex and real problems. For complex problems he provided
complete proofs. For real problems, Demmel’s bounds rely on an unpublished (and
apparently unavailable) result by A. Ocneanu on the volumes of tubes around real
algebraic varieties. A second goal of this paper is to prove a result akin to Ocneanu’s



(Theorem 1.2). We are not the first doing so. In [44], R. Wongkew gave a bound for
the volume of tubes around real algebraic varieties. A number of constants in his
bounds, however, are not explicit and only shown to be independent of the variety.

1.1 Statement of the Main Result

We assume our data space is RP*! endowed with a scalar product ( , ). By a
semi-algebraic cone ¥ C RPT! we understand a semi-algebraic set ¥ # {0} that is
closed by multiplications with positive scalars. We say that & is a conic condition
number if there exists a semi-algebraic cone ¥ C RPFL the set of ill-posed inputs,
such that, for all data a € RPT1\ {0},

ol
“la) dist(a,X)’
where || || and dist are the norm and distance induced by ( , ).

The best known condition number is that for matrix inversion and linear equa-
tion solving. For a square matrix A it takes the form x(A) = ||A||[|A™!|| and was
independently introduced by H. Goldstine and J. von Neumann [40] and A. Tur-
ing [39]. Strictly speaking, k(A) is not conic since the operator norm || || is not
induced by a scalar product. Replacing this norm by the Frobenius norm || ||

yields the (commonly considered) version kg (A) := ||A||r||A™Y| of K(A). The Con-
dition Number Theorem of C. Eckart and G. Young [14] then states that xkp(A)
is conic, with ¥ the set of singular matrices. Other examples can be found in [9],
where a certain property (related with the so called level-2 condition numbers) is
proved for conic condition numbers. Furthermore, it is argued by Demmel in [11]
that the condition numbers for many problems can be bounded by conic ones.

Note that, since X is a cone, for all A > 0, €' (a) = € (A\a). Hence, we may restrict
to data a lying in the sphere SP := {z € RPT! | |z|| = 1}. If we set X, := X U (-X),
then the conic condition number € can be estimated as

o "

where dp denotes the projective distance in SP, which is defined as dp(z,y) =
sindg(z,y) with dr being the Riemannian (or angular) distance in SP (cf. Fig-
ure 1).
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Fig. 1 Three distances

Let Bp(a,o) denote the open ball of radius arcsin o around a in SP (o correspond-
ing to projective distance). We will endow Bp(a, o) with the uniform probability
measure. Moreover, let

pt1
2m 2

denote the p-dimensional volume of the sphere SP. Our main result is the following.

O, := vol,(SP) =

Theorem 1.1 Let € be a conic condition number with set of ill-posed inputs .
Assume that X N SP C W where W C SP is the zero set in SP of homogeneous
polynomials of degree at most d > 1 and W # SP. Then, for all a € SP, all
o€ (0,1], and all t > 1,

Prob {%(z) >t} < 5 <§> (2d)F <1 n i>p_k <i>k N fo (2d)? <i>p

to

and, for all o € (0,1],

1
sup E (Iné(z2)) <2lnp+2Ind+2In—+55.
a€SP z€Bp(a,o) g

In particular, for all't > 1 (take o0 = 1),

S

p—1 p—k
D i 1 1 2p0, 1
P > <4 2 1+ - — 2d)P —
Prob(#(2) > 1} < ;<k><d> (1+7) FrE2en;

and

E (In%(z)) <2lnp+2Ind + 5.5.
z€SP



The main idea towards the proof of Theorem 1.1 is to reformulate the probability
distribution of a conic condition number as a geometric problem in a sphere. Indeed,
for a measurable subset V' of S? we denote by vol, (V') the p-dimensional volume of V.
If —V =V we define the e-neighborhood around V in SP by

Tp(Vye) :={x € SP | dp(z,V) < €}.

With this notation, using 5N SP C W, we obtain from (1) for a € SP and o € (0, 1]

Prob ){%(z) > 1} < Prob {d]p(z YsNSP)<e} < Prob {d]p(z W) <e}

2€Bp(a,o € z€Bp(a,o) z€Bp(a,o)
vol, (Tp(W, €) N Bp(a,0))
vol,(Bp(a, o))

The tail bounds in Theorem 1.1 will thus follow from the following purely geometric
statement.

Theorem 1.2 Let W C SP be a real algebraic variety defined by homogeneous
polynomials of degree at most d > 1 such that W # SP. Then we have for a € SP
and 0 <e,o0 <1

i) S (e (147 (2)'+ B (5]

In particular, (take o = 1)

vol TIP W 5 Z < > 1 +€)p—k gk n 290;,; (Qd)p P
p—1

Here is a brief outline of the proof of Theorem 1.2: The first step is an upper
bound on the volume of an e-neighborhood of a smooth hypersurface in terms of
integrals of absolute curvature (Proposition 3.1). This is a variation of H. Weyl’s [41]
exact formula for the volume of tubes, a formula which, however, only holds for
sufficiently small . Then (Proposition 3.2) we derive a degree bound on these
integrals of absolute curvature based on the kinematic formula of integral geometry
and Bézout’s theorem. Finally we get rid of the smoothness assumption by some
perturbation argument.

We will devote Section 4 to derive applications of Theorem 1.1 to several con-
dition numbers occuring in the literature, namely, those for linear equation solving,
eigenvalue computation, polynomial system zero finding, and zero counting.

Remark 1.3 Theorem 1.2 could be stated for real projective space PP with the
same bounds. While such a statement is the most natural over the complex numbers
(cf. [1] and [6, Theorem 1.3]) it does not follow the tradition over the reals (cf. [12



41, 44]) and it is not a natural ambient space for real conic condition numbers. Note
that ¥ is not necessarily symmetrical around the coordinate origin and that the use
of a symmetric W (an algebraic cone containing the semi-algebraic cone ) is just
an artifice of our proofs.

1.2 Relation to previous work

In most instances of smoothed analysis (e.g. [10, 13, 30, 31, 32, 45]) one studies the
behaviour, for a function 1 : RP*1 — R, of

sup E P(z) (2)

a€Rp+1 zENP+1(a,02)

(possibly for sufficiently small o) where NP™!(a,0?) denotes the p + 1-dimensional
Gaussian distribution over R with mean a and variance o2. It has been argued that
smoothed analysis interpolates between worst and average cases since it amounts to
the first for ¢ = 0 and it approaches the second for large o.

When (Az) = ¢(z) for all A > 0 —e.g., a conic condition number— it makes
sense to restrict ¢ to the sphere SP. In this case, it also makes sense to replace
the distribution NPT!(a,0?) by the uniform distribution supported on the disk
Bp(a,o) C SP and to consider, instead of (2), the following quantity

sup B 9(z). (3)
a€SP z€Bp(a,0)
Note that in this case, the interpolation mentioned above is transparent. When
o = 0 the expected value amounts to 1)(a) and we obtain worst-case analysis, while
if 0 = 1 the expected value is independent of a and we obtain average-case analysis.

It is this version of smoothed analysis, introduced in [6], which we deal with in
this paper. Note that while, technically, this “uniform smoothed analysis” differs
from the Gaussian one considered so far, both share the viewpoint described above.

We have already mentioned the references [10, 13, 30, 31, 32, 45] as instances of
previous work in smoothed analysis. In all these cases, an ad hoc argument is used
to obtain the desired bounds. This is in contrast with the goal of this paper which
is to provide general estimates which can be applied to a large class of condition
numbers. We believe the applications in Section 4 give substance to this goal.

We finish this section with a brief overview on previous work on the relations be-
tween complexity, conditioning and probabilistic analysis. In [3], L. Blum suggested
a complexity theory for numerical algorithms parameterized by a condition number
% (a) for the input data (in addition to input size). S. Smale [29, §1] extended this
suggestion by proposing to obtain estimates on the probability distribution of €'(a).
Combining both ideas, he argued, one can give probabilistic bounds on the com-
plexity of numerical algorithms.

The idea of reformulating probability distributions as quotients of volumes in
projective spaces (or spheres) to estimate condition measures goes back at least to



Smale [28] and Renegar [20]. In particular, J. Renegar [20] uses this idea to show
bounds on the probability distribution of a certain random variable in the average-
case analysis of the complexity of Newton’s method. Central to his argument is the
fact that this random variable can be bounded by a conic condition number. The
set of ill-posed inputs in [20] is a hypersurface. An extension of these results to the
case of codimension greater than one was done by Demmel [12] where, in addition,
an average-case analysis of several conic condition numbers is performed. Most of
these results are for problems over the complex numbers. An extension in another
direction, namely, to possibly singular ambient spaces, was done by C. Beltran and
L.M. Pardo [1]. Another extension of Demmel’s result, now to smoothed analysis
for complex problems, was achieved in [6].

The remaining of the paper is organized as follows. In Section 2 we provide the
preliminary notations and results needed to prove Theorem 1.2. These are mostly
taken from differential and integral geometry. In Section 3 we prove Theorem 1.2
and Theorem 1.1. Section 4 is devoted to several applications of our main result.
Finally, the precise value of some constants —whose existence is well-documented
in the literature but whose magnitude isn’t— is derived in an appendix.

2 Preliminaries

2.1 Distances, volumes, and tubes on the sphere

The p-dimensional sphere SP carries the structure of a compact Riemannian man-
ifold. Correspondingly, there is a Riemannian distance dg(z,y) € [0, 7] between
two points x,y € SP, which is just the angle between these points. We denote by
Br(a,a) = {z € SP | dg(a,z) < a} the open ball of radius « centered at a € SP.

It will be more natural for us to work with the related notion of projective
distance, which is defined as dp(z,y) := sindg(z,y) € [0,1] (cf. Figure 1). We note
that dp satisfies all the axioms of a metric, except that dp(z,y) =0 iff z € {—y,y}.
In fact, dp induces a metric on the real projective space PP (obtained from SP by
identifying antipodal points). However, we prefer to work on the sphere, which
seems more intuitive to us.

Let V' be a symmetric subset of SP, that is —V = V. For 0 < € < 1 we define
the e-neighborhood around V' by

Tp(Vye) :={x € SP | dp(z,V) < €},

where dp(z,V) = infycy dp(z,y). This equals the a-neighborhood of V' defined
with respect to dr, where a = arcsine. However note that Tp({a},e) = Bgr(a,a) U
Br(—a,a). Somewhat inconsistently, we write Bp(a,¢) := Bgr(a,«) and call this
the open ball of radius € with respect to the projective metric.

For a measurable subset A C S? we write vol,A = [ 4 dSP for the p-dimensional
volume, where dSP denotes the volume form induced by the Riemannian metric.



In order to compute volumes of balls and tubes around subspheres, the following
functions J, ;(«) are relevant:

Jpala)i= [ o) (cos oy Hdp (1< k<)

Lemma 2.1 For 1 <k <p, 0< a <7/2, and € = sin«, we have
vol, Tp(SP~F ¢) = Op—1Ok—1Jp i(c), vol,Bgr(a,a) = Op_1Jp ().

ProoF. This follows from [41] or by straightforward calculation. O
The quantity Jpx(a) can be easily bounded. Recall that O, denotes the p-
dimensional volume of SP.

Lemma 2.2 The following estimates hold (1 <k <p,0< a <7/2, e =sina):

k p O
€ € b
ifk<p, — < Jppla)<

p p p7p( ) 20p_1

P

with equality when o = /2 in the last upper bound.

ProOF. To settle the first inequality note that for k < p

«@ € k
Tpal@) < [ (sinp) " (cos pydp = [ o tau =5
0 0

Similarly,

(6% o p
Tpp(@) = / (sinp)P~' dp > / (sin p)P~* cos pdp = %.
0 0

It is easy to check that o — J,, ,(a)(sin @) 7P is monotonically increasing on [0, 7/2]
by computing the derivative of this function. Hence, Jp,(a)(sina)™ < J, ,(7/2).
JFrom Lemma 2.1 we getO%Op = vol,Bgr(a,7/2) = Op_1Jpp(7/2) from which it
follows that J, ,(7/2) = 50, O

In this paper, the notions of manifold and differentiability always refer to C°°-
differentiability. For a submanifold M of S? and 0 < a < 7/2 we define the a-tube
Tx(M,«) around M by (compare with [16, p. 34])

Ti(M,a) := {z € SP | there is a great circle segment in S? of length < «
from z to M that intersects M orthogonally}.
Here we used the Riemannian distance. Sometimes, when thinking in terms of the

projective distance and M = —M, it will be convient to use the notation of e-tube
Ts(M,e) := Tx(M,arcsine) defined for 0 < e < 1. Clearly, T (M,e) can be



characterized in a way similar to T4 (M, o). We note that T3 (M, e) C Tp(M, ) and
the inclusion is in general strict. It can be shown, however, that if M is a compact
submanifold, then equality holds.

We also need the notion of the m-dimensional volume (Hausdorff measure) of
subsets T' of SP. For simplicity, we restrict ourselves to semialgebraic sets, cf. [5].
Let T be an m-dimensional semialgebraic subset of SP. The Zariski closure W of T
in S? is a real algebraic variety of dimension m and its regular locus Reg(W) is an
m-~dimensional submanifold of SP. We define the m-dimensional volume of T by
vol, T := vol,,, (T N Reg(W)). This makes sense since T'\ Reg(W) has dimension
strictly less than m. For k < m we set voliT := 0.

2.2 A useful transformation formula

We will repeatedly use the following special case of the coarea formula. A proof can
be found in [37, I11§2, Folgerung 1] or [17, Appendix].

Proposition 2.3 Let M, N be Riemannian manifolds of the same dimension and
¢: M — N be differentiable. Suppose that [, |det Do|dM is finite. Then the fiber
o~ Y(y) is finite for almost all y € N and we have

/ et DpldM = [ o~ (y)| AN (y).
M yeN

2.3 Some differential geometry of hypersurfaces on spheres

For the following material from differential geometry we refer to [35, 38].

In the following let M be a compact oriented smooth hypersurface of SP inter-
preted as a Riemannian submanifold. The orientation corresponds to the choice of a
unit normal vector field v: M — RPT! on M. The Weingarten map Lys(x): Ty M —
T,.M of M at x is the linear map defined by Lys(x) := —Dv(z) (it is easy to verify
that this is a well-defined map). The second fundamental form of M at x € M is the
corresponding bilinear map s (z): T,M x T, M — R, defined by I (x)(Y, Z) =
(Ly(2)Y, Z) for all Y, Z € T, M. We are going to describe these notions in terms of
local coordinates of M. Thus let v = (vq,...,vp—1) — x(v1,...,vp—1) € M C RPT!
be a local parametrization of M. Then

oy (22N v an\ )
M avf avj N avi’ avj N ’ 8’L)ia’Uj ’
where the last equality follows from deriving (0x/dv;,v) = 0. In particular, I (x)

and Lys(z) are symmetric. The eigenvalues k1(z),...,kp—1(x) of Ly(z) are called
principal curvatures at x of the hypersurface M.

Example 2.4 Consider the case of M = SP~!  the subsphere of SP given by the
equation z, = 0. Then it easy to see that IIjs(x) = 0 for all z € M. Hence all



the principal curvatures of M are zero. This example makes clear that the principal
curvatures are relative to the ambient space SP. (Of course, SP~! is curved; however,
its “curvature relative to the ambient sphere” is zero.)

For 1 < i < p we define the ith curvature Ky ;(z) of M at x as the ith elementary
symmetric polynomial in k1(z),...,kp—1(x), and put Kpo(z) := 1. In particular,
Krp—1(x) = det Lys(z). Note that the ith curvatures are essentially the coefficients
of the characteristic polynomial of the Weingarten map:

p—1
det(idp—1 + tLas(x)) = Yt Kpyi(x). (4)
=0

Definition 2.5 Let M be a compact oriented smooth hypersurface M of SP and U
be an open subset of M. The integral p;(U) of ith curvature and the integral |p;|(U)
of ith absolute curvature over U, with respect to the ambient space M, are defined
as (0<i<p-—1)

wi(U) ::/KMJ-dM, and i | (U) ::/ | Kpri| dM.
U U

A few remarks: |4;] is monotone in the sense that |p;|(U1) < |u;|(Uz) for Uy C Us.
Also, note that |u;(U)] < |wi|(U) and p;(0) = |wi(0) = 0. Moreover, uo(U) =
l1t0(U)| = vol,—1(U). By Example 2.4, |u;|(SP~1) =0 for i > 0.

Example 2.6 Consider the boundary M, of the ball Br(g,a) in SP of radius 0 <
a < /2 centered at q. Clearly, M, is an (p — 1)-dimensional sphere of radius sin «
that is described by the equations

To = Cos x%+---+x;,2,:sin2a

if ¢ = (1,0,...,0). We orient M, by the unit normal vector field on SP pointing
towards ¢. It is straight-forward to see that the second fundamental form of M,
satisfies IIjz, (z) = (cot o) id,—; for all z € M,.

10
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Fig. 2 The manifold M,

Hence all the principal curvatures of M, at x are equal to cot a. Therefore the
ith curvature of M, satisfies Ky, i(z) = (* ;1) (cot @)’, a quantity independent of
x € M,. For the integral of the ith curvature we obtain

~1 , ,
pi(Me) = Kap, i vol,_ 1My = <p , >(’)p_1(sin )P (cos a)’, (5)
i

using the fact that vol,_1 M, = O,_1(sin a)?~1. In particular, note that p,_1(M,) =
Op_1(cos @)’ L. Finally note that p;(U) = |u;|(U) for all open subsets U of M,,
since all the principal curvatures are nop-negative.

2.4 A kinematic formula from integral geometry for spheres

We recall here a basic formula of integral geometry. The orthogonal group G =
O(p + 1) operates on SP in the natural way. We will denote by dG the volume
element on the compact Lie group G normalized such that the volume of G equals
one. We will interpret S° as a submanifold of SP for i < p, e.g., given by the
equations ;41 = - =z, = 0.

Let M be a compact oriented smooth hypersurface of SP. It follows by standard
methods from Sard’s lemma [34] that gM intersects S'™! transversally for almost
all ¢ € G. Hence, for almost all ¢ € G, the intersection gM N St is either
empty or a smooth hypersurface of S?*'. Moreover, this intersection inherits an
orientation from M in a natural way as follows: let v be the distinguished unit
normal vector field of M. Then we require that the distinguished unit normal
vector of the hypersurface gM N S in S+ at x lies in the positive halfspace of
T, M determined by v.

Therefore, for almost all g € G, the integral of the ith curvature p;(gM N S**1)
of gM N S™1, considered as submanifold of S, is well defined, and this is also the
case for j1;(gU N S™1) when U denotes an open subset of M.

11



We will need the following special case of the principal kinematic formula of
integral geometry for spheres. A proof can be found in [17]. For Euclidean space a
corresponding result was stated by Chern [8].

Theorem 2.7 Let U be an open subset of a compact oriented smooth hypersur-
face M of SP and 0 < ¢ < p — 1. Then we have

m@ﬂzano/cmwvmy“waw,
ge

. . — 0,10
where C(p,i) = (p—i—1)("]") oobt—- O

While the existence of the constants C(p,i) follows from [8, 17], it is quite cum-
bersome to extract explicit formulas for C(p,i) from these sources. This is partly
due to the fact that the quantities p; (and even O;) have slightly different meanings
in the literature. For the convenience of the reader, we have therefore included a
short derivation of these constants in the appendix.

For future reference, we state the case i = 0 of Theorem 2.7 in slightly more
general form.

Corollary 2.8 For any semialgebraic subset T of SP such that dimT < p —1 we

have
Op—1

vol, 1T = / 71 g5 dG(g). (6)
geG

Proor. Using the comments given at the end of §2.1, it is easy to reduce to the
case where T is an open subset of a hypersurface of SP. Now apply Theorem 2.7
for ¢« = 0, taking into account that neither the compactness nor the orientability
assumption are necessary in that case, cf. [21, §15.2]. O

3 On the volume of tubes around real algebraic sets

The goal of this section is to provide the proof of Theorem 1.2.

3.1 Bounding the volume of tubes of smooth hypersurfaces

In an important paper, Weyl [41] derived a formula for the volume of tubes around
a compact submanifold of Euclidean space or a sphere. However, this formula only
holds for a sufficiently small radius. The following proposition gives an upper bound
on the volume of tubes around a hypersurface that holds for any radius. Compare
also Gray [16, Theorem 8.4, (8.6), p. 162].

12



Proposition 3.1 Let M be a compact oriented smooth hypersurface of SP and U
be an open subset of M. Then we have for all 0 < a < /2

p—1

vol, Tz (U, @) <2 Jpipa(a) |l (U):
=0

Proor. Let v: M — SP be the unit normal vector field on M corresponding to
its orientation. For x € M consider the following parametrization

x + tv(x) ::E—I—tl/(:E)
@l (140)

0z R — 8P, p(t) =

of the half great circle intersecting M at x orthogonally. Note that dr(z, ¢, (t)) =
arctant.

t = tan(a)

x / x +tv(x)

N (t)

Fig. 3 The point ¢, (¢) and the magnitudes ¢ and «
Consider the following differentiable map of Riemannian manifolds
i M xR = S, (2,1) > pah)
Let U be an open subset of M, 0 < o < 7/2, and put 7 = tana. We denote by
T4 (U,) and Ty (U, o) the images of U x (0,7) and U x (—7,0) under the map ¢,
respectively. Clearly, T (U, ) = UUTH (U, ) UTR (U, ).

We apply the transformatlon formula of Proposition 2.3 to the surjective differ-
entiable map ¢: U x (0,7) — T4 (U, @) of Riemannian manifolds. This yields

| jaetDpldorx®) = [ G W) dSP > vob, T} (U, a).
Ux(0,7) yeT+ (U,e)

By Fubini, fo | det Dold(M x R) = [y g(t) dt, where

o(t) = / _, |46t Del(w. ) aM @)

13



Claim A. The determinant of the derivative Dy(x,t) of ¢ at (x,t) € M xR satisfies

| det Dp(z,t)| = 73 !det(ideM - tLM(x))‘. (7)

(1 + 12)(p+1

Using this claim, whose proof is postponed to the end, we obtain

1 . .
g(t) = /er m| det(idp,ar — tLas(2))| dM () (by Claim A)

p—1 i
t]* /
< ————— [ [KmildM (by (4))
e
p—1 i
tl
= Z#W\(Ul
i=0

By making the substitution ¢ = tan p (recall 7 = tan o) we get

T t’l 10% i ] :
|| ey = | teos o™ smp) dp = (o)

Altogether we conclude that

p—1

T U.) < [ gt dt < 3 dyna(@)lul )
=0

The same estimate can be shown for vol, T (U, cv), which implies the desired estimate
of vol, T (U, ).

It remains to prove Claim A. Choose a local parametrization x = x(v) € RPF!
of M in terms of coordinates vy, ...,v,—1 defined in a neighborhood of 0. We assume
that Oy, ,...,0,,_ ;7 are orthonormal at 0. Abusing notation we will interpret
v =v(v) as a function of v. The matrix (\;;) of Ly with respect to the basis d,,»
of T, M is given by —0,,v = Zj AijOy, T

Consider the map (v,t) — R(v,t) := x(v) + tv(v) € RPYL. Then

(o t) = oz _ R(v,t)
(v,1) = ¥(v,t) := p(z(v),1) Ty

provides a local parametrization of SP. In the following let [R, R, 0\, R, ..., 0y, , R]
denote the square matrix of size p + 1 whose rows are R and the partial derivatives
of R. Using the multilinearity of the determinant and the fact

o =1 +t)V29,R—t(1 +t>) 3R
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we obtain by a short calculation that

|det Dy (v, t)| = | det[wh, Oy, Dy, 0, . .., Bu,_, Y|

1
= AT EEE |det[R, &R, 0y, R, ..., 8y, , R]|-

Computing partial derivatives we get 0,, R = 0, + t0,,v and ;R = v. Using
Op,V = — zj AijOy; T, we get from this

81)1-R = Z](éw — t)\ij)(?vja:.
Hence we obtain

det[R,0:R,0, R, ...,0, R] = detlx +tv,v,0,R,...,0,, R
= det[z,v,0,R,...,0,, R
= det(d;; — tAyj) det[z, v, 0@, . . ., Oy, T].

Since we assume that 9,7, ...,0,,_,r are orthonormal at v = 0, we conclude (using
the chain rule Dy = DypDx) that

| det Dp(z,t)| = | det Dy(0,t)| = | det(d;; — tAij)],

1
1+ t2)(p+1)/2

which shows Claim A. O

3.2 Bounding integrals of absolute curvature in terms of degree

In this section let f € R[Xy, ..., X,] be homogeneous of degree d > 0 with nonempty
zero set V' C SP such that the derivative of the restriction of f to SP does not vanish
on V. Then V is a compact smooth hypersurface of SP. We orient V' by the following
unit normal vector field (Gauss map)

vV — 8P, v(z) = |lgrad f(z)|| " grad f(z).

The goal of this section is to bound the integrals of absolute curvature on patches
of V.

Proposition 3.2 Fora € SP, 0 <o <1, and 0 < i < p we have
p—1 i+l _p—i—1
il (VN Bp(a,0)) < 2(7 ) Opad o

The proof is based on the following lemma.

Lemma 3.3 We have |pp—1|(V) < Op_1dP.
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PROOF. Recall that the determinant of the linear map Ly (x) = —Dv(z): T,V —
T,V equals Kyp—1 (cf. §2.3). We may assume without loss of generality that the
open subset U := {z € V | rank(Dv(z)) = p — 1} of V is nonempty (otherwise
pp—1(V) = 0). We would like to apply Proposition 2.3 to the restriction of v to U,
but face the problem that it is only an immersion so that v(U) might not be a
submanifold of SP. In order to circumvent this, we use some standard facts of real
algebraic geometry [5].

Consider the Zariski closure W of v(U) in SP, which is a real algebraic variety
of dimension p — 1. Its regular locus W is a submanifold of SP of dimension p — 1.
Consider the open subset V7 := U N I/_l(Wl) of V and the restriction vq: Vi — Wy
of v. The singular locus Sing(W) = W \ Wj is an algebraic subset of dimension
strictly less than dimW. Since v; is an immersion, we conclude that U \ V; =
v; }(Sing(W)) has dimension strictly less than p — 1. We therefore obtain

[p-1 (V)| = [p-1(U)] = |p-1(V1)].
Applying the transformation formula of Proposition 2.3 to 1y we get

iy (V) = [ | det Diyjav = / v () AW ().
|4t yeWr

Consider for ¢ € N U {oo} the semialgebraic sets Fy := {y € Wy | |v7(y)| = ¢}.
Since the above integral is finite, vol,_1 F, = 0, and therefore dim Fi, < p — 1. We

obtain
/ v (@) dWi(y) = Y vol,_y Fy.
yeWs >0

Corollary 2.8 applied to Fy yields the following

Op-1 / IF 1 95" dGi ().
geG

V0|p_1Fg =

Combining these findings we get

O,— _
el =22 [ S eimngs'dcle) = 2 [ s dGlo)
geG geG

£>0

(In order to see the last equality use that gS* does not intersect F,, almost surely.)
It is now sufficient to prove that |[v=1(gSt)| < 2dP for almost all g € G. To sim-

plify notation suppose first that g = id. Let yo,...,y, denote coordinate functions
on RPFl and St ={y € SP |y = --- = y, = 0}. A point z € RPT! lies in v~ 1(S!)
iff it satisfies the following system of equations
Zg;g —1=0, f(x)=0, &of(x)=---=8f(x) =
i

If all real solutions of this system of equations are nondegenerated, then they are
isolated in CP*!. By Bézout’s theorem [22] the number of these solutions is bounded
by 2d(d — 1)P~1 < 2dP. However, one can show along the lines in [19], that the
nondegeneracy condition is satisfied for almost all g € G. This finishes the proof. O
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PROOF OF PROPOSITION 3.2. Put U := VN Bp(a,o). The case i = p—1 is already
settled by Lemma 3.3, as |1;|(U) < |u;](V). So we may assume i < p — 1.

Let U, be the set of points of U where Ky; is positive and similarly define U_
where Ky ; is negative. Then |u;|(U) = |pi(Us)| + |1 (U-)].

Let g € G = O(p+1) such that V intersects gS**! transversally and such that the
intersection is nonempty. Then VNgS*+! is the zero set in ¢S of the homogeneous
polynomial f of degree d. By transversality, the derivative of the restriction of f to
gS™! does not vanish on V N ¢gS**!. Hence we may apply Lemma 3.3, which gives
the estimate

By the monotonicity of |y;| (now refering to the hypersurface V N gS™*! of gSi+!)
we have

|1i(Ug N gS™ )| < |l (Uy 0 gS™Y) < il (V 0 gS™) < O™

The Kinematic Formula of Theorem 2.7 implies that
Ul <€) [ lalis 0 5] dGg).
ge

Therefore, we obtain

wi(Uy)| < Clp,i) Oid™ f;reon{gU+ NS £ 0},

where the probability is taken with respect to the uniform distribution in G. We
may estimate this probability as follows (put a = arcsino)

Prob{Be(9a,0) (157! 0} = Prob{Be(d,0) 1 571 £ 0)
geG o' €SP

Oi+10p—i—2 pi—l
Op

0i4+10p-i—2 o
O, p—i—1

1 ,
= —vol,Tp(S"", o) =

0, Jpvp—i—l(a) <

where we used Lemmas 2.1 and 2.2 for the last two steps. Multiplying this with the
formula for C(p, ), the expression miraculously simplifies and we get

p—1 i —i—
lws) < (77 )0 ¥ ori

The same estimate can be shown for |u;|(U-), which proves the proposition. O

3.3 Extension to the non-smooth case: proof of Theorem 1.2

The following proposition estimates the volume of the tube around a patch of a
smooth hypersurface in the sphere.
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Proposition 3.4 Let f € R[Xy,..., X,] be homogeneous of even degree d > 0 with
zero set V.= Z(f) in SP. Assume that the derivative of the restriction of f to SP
does not vanish on V. (Thus V is a smooth hypersurface in SP.) Let a € SP and
0 <e,0<1. Then

10, 1 K~
vol, T (V N Bp(a,0),e) < 40p-1 Z <p> dF ¥ aP=F £ 20, dP <P,
Poo\k

PrROOF. Put U :=V N Bp(a,o). Take 0 < a < 7/2 such that e = sin . Proposi-
tion 3.1 implies

p—1

vol, T (U, €) = vol, T (U, ) <2~ i1 () sl (U).
=0

Combining this with Proposition 3.2 we obtain

p—1
-1 . .
vol, Ti- (U, ¢) < 42 <p ; )Op_ld’Hap_’_lJp,iH(a).
=0

Using the estimates of Lemma 2.2 we obtain (put £ =i+ 1 and consider separately
the term for k = p)

O,

vy
20, 1

voITP (U,e) §4Z< > h—1 L dF oP~ k?—l—élop 1 dP

Now use (z i) %( ) to get the desired upper bound on vol, T3 (U, €). O

PrROOF OF THEOREM 1.2. We have to remove the smoothness assumption in
Proposition 3.4 and to estimate the volume of the e-neighborhood instead of the
e-tube.

Assume W = Z(f1,..., fr) with homogeneous polynomials f; of degree d;. Then
W is the zero set in SP of the polynomial

T
=D L)X P2,
i=1

which is homogeneous of degree 2d. Our assumption W # SP implies dim W < p.
Let 6 > 0 be smaller than any positive critical value of the restriction f: SP — R
of f to SP. Then Ds := {£ € S | f(£) < 6} is a compact domain in S? with smooth
boundary B
oD = {€ € 57| J(¢) = o).

18



Indeed, the derivative of f — & does not vanish on dDjs (use > 20 f(x) = 2df (x)).
Moreover, note that W = Ng>oDs and hence lims_, vol,Ds = vol,(W) = 0, since
dim W < p.

Claim B. We have Tp(W, ) C Ds UTp(0Ds,€) for 0 < e < 1.

In order to see this, let € Tp(W,e) \ Ds and ~v: [0,1] — SP be a segment of
Riemannian length less than arcsine such that (1) =  and (0) € W. Consider
F:[0,1] — R,F(t) := f(y(t)). By assumption F(1) = f(z) > ¢ and F(0) = 0.
Hence there exists 7 € (0, 1) such that F'(7) = §. Thus (1) € dDs and dp(z,0Ds) <

dp(z,~v(7)) < €, which shows the claim.

Using the triangle inequality for the projective distance, it is easy to see that
(cf. Figure 4)

Tp(0Ds,€) N Bp(a,0) C T (0Ds N Bp(a, o + €),¢€). (8)

Fig. 4 The shaded area is Tp(90Ds, <) N Bp(a, o)

Combining (8) with Claim B we arrive at
Tp(W,e) N Bp(a,0) C Ds U T]ﬁ‘(aDg N Bp(a,o +¢€),¢).

We apply Proposition 3.4 to V = 0Ds = Z(f — 6||z||*?) intersected with the ball
Bp(a,o +¢). This implies

p—1
vol, T (9DsNBp(a, 0+¢), ) < 40p-1 > <p> (2d)" ¥ (o4€)PF+20,, (2d)? (o+¢)P.

p k=1 k
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a

Taking into account that vol,Bp(a, o) > (’)p_l?p (cf. Lemmas 2.2 and 2.1) we obtain

vol, (Tp(W, e) N Bp(a, o)) - vol, Ds vol, T3 (0Ds N Bp(a, o + €),€)
vol, Bp(a, o) ~ vol,Bp(a, o) vol, Bp(a, o)
vol,Ds eNP=E reNk
< B T Y2 G
~ vol,Bp(a,0) + Z < > + o o
2p0, P
2d .
to., Op—1 - (2d)7 (a)
Taking the limit for § — 0 the first term vanishes and the assertion follows. O

3.4 Estimating expected values: proof of Theorem 1.1

The tail bounds in Theorem 1.1 follow from Theorem 1.2 as indicated in the intro-
duction. It thus suffices to show how to derive the claim on expected values from
the tail bounds. This is achieved by the following proposition.

We use the inequality 5 (59:,1 — % < %, valid for p > 2, which implies % < p+2.

Proposition 3.5 For 0 < 0 <1 let X, > 1 be a random variable satisfying, for all
O<e<landp>2,

Prob{X, > 1/e} < 4§ (i) (2d)* <1 + S)P—k (§>k +2(p + 2) (2d)? <§)p.
k=1

Then, for e < we have Prob{X, > 1/¢} < (8e + 4)dp< and

(1+2d(;(p—1)’
E(InX,) < 21np—|—21nd—|—21nl + 5.5.
o

PROOF. Prob{X, > 1/¢} is bounded by
JE (@) (2™ Q) 2o (]
s[5 (e (070 e

M o (0 G e &)

Using that ¢ < this can be further bounded to obtain

(E=Ty g

p—1
Prob{X, > 1/e} < — 8dp€ [<1+%> +%
p_

8dp 1
<
< - —(e+ 2)
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For the bound on the expectation we use Proposition 2.4 in [6] which implies

E(lnX,) < In <%> +1In <¥(e + %)) +1

g

1 1

< 2lnp+2lnd+21n—+ln(3'8(e+§)e) since 1+ 2d < 3d
o

< 21np—|—21nd—|—21nl + 5.5,
o

which completes the proof. O

4 Applications

We give several applications of Theorem 1.1 to smooth analysis estimates for the
condition numbers of the following problems: linear equation solving, eigenvalue
computations, real polynomial equation solving, and zero counting.

4.1 Linear equation solving

The first natural application of our result is for the classical condition number x(A).
In [45], M. Wschebor showed (solving a conjecture posed in [30]) that, for all n x n
real matrices A with [|A]| <1,all0 <o <1landallt>0

Kn
>t) < —

Prob k(Z) >t
Z€N7l2(A7a—2)( ( ) ) ot

with K a universal constant. Hereby, || A|| stands for the operator norm with respect
to euclidean norm. Note that, by Proposition 2.4 in [6], this implies

1
sup E (Ink(Z)) <Inn+In—+InK +1.
[AlI<1 ZenNn?(A,0?) g

We next compare Wschebor’s result with what can be obtained from Theorem 1.1.
Let ||A||r denote the Frobenius norm of a matrix A € R™*" which is induced by
the inner product (A, B) — trace(AB”). We have

k(A) = [|AINATH] < JAIFIATH =2 5p(A).

The Condition Number Theorem of Eckart and Young [14] states that ||[A~!|| =
dr(A,¥)~! where ¥ C R™ " denotes the set of singular matrices and dp is the
distance induced by the Frobenius norm (see also [4, Thm. 1, Ch. 11]). It follows

that K is a conic condition number. We can thus give upper bounds for kr(A) and
they will hold as well for x(A).
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Corollary 4.1 For alln > 1,0 < o <1, we have

1
sup E (Inkp(Z2))<6lnn+2ln—+5.5,
ZeSn?-1 Z€Bp(A,0) o

where the expectation is over all Z uniformly distributed in the disk of radius o
centered at A in the sphere 57" =1 endowed with the projective distance.

PrROOF. The variety ¥ of singular matrices is the zero set of the determinant,

which is a homogeneous polynomial of degree n. We now apply Theorem 1.1 with
2

p=n-—1. O

Note, the bound in Corollary 4.1 is of the same order of magnitude than Wsche-
bor’s, worse by just a constant factor. On the other hand, its derivation from
Theorem 1.1 is rather immediate. We next extend this bound to rectangular matri-
ces.

4.2 Moore-Penrose inversion

Let ¢ > m and consider the space RE*™ of ¢ x m rectangular matrices. Denote by
¥ € R¥™ the subset of rank-deficient matrices. For A ¢ ¥ let AT denote its Moore-
Penrose inverse (see, e.g., [2, 7]). The condition number of A (for the computation
of AT) is defined as

: [(A+ AA)T — AT|| - || A
cond(A) = lim sup
“ e=0 | AAl|<e | AT - [[AA]

This is not a conic condition number but it happens to be close to one. One defines
kT (A) = ||A||| AT|| and, since ||AT|| = dr(A,¥)~" [15], we obtain

_ 4l
kT(A) = Tr(AD)

In addition (see [36, §II1.3]),

k1 (A) < cond(4) <

Thus, In(cond’(A)) differs from In(k'(A)) just by a small additive constant. As for
square matrices, x(A) is not conic since the operator norm is not induced by an
inner product in R**™. But, again, we can bound x'(A) by the conic condition
number s} (A) == || A| p||AT|| > £T(A).

Corollary 4.2 For all £ > m > 1 and 0 < 0 <1 we have

1
sup E (1n/{}(Z))§21n€—|—41nm+21n——|—5.5.
AeStm—1 Z€Bp(A,0) g
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Proor. If a matrix A is rank deficient then det Ay = 0 where Ag is the m x m
matrix obtained by removing all rows of A with index greater than m. Therefore
¥ C %y = {A € R | det Ay = 0}. This implies that H}(A) < m for
|A||r = 1. Since ¥y is the zero set of a homogeneous polynomial of degree m, an
immediate application of Theorem 1.1 with W = ¥ yields the claimed bound. O

4.3 Real Eigenvalue computations

Let A € R™"™ and A € R be a simple real eigenvalue of A. Suppose that + € R™ and
y € R™ are right and left eigenvectors associated to A, respectively (i.e., nonzero and
satisfying Az = Az and y7 A = AyT). ;From the fact that \ is a simple eigenvalue
one can deduce that (z,y) # 0, cf. Wilkinson [43].

For any sufficiently small perturbation AA € R™*™ there exists a unique real
eigenvalue A + A\ of A+ AA close to A. We thus have

(A+ AA)(z + Az) = (A + AN) (@ + Az),

which implies up to second order terms AAx+ A Az ~ Al z+ A Az. By multiplying
with 47 from the left we get

AN = yT AAz + o(||AA]).

1
(z,y)

Moreover, supyja 4y, <1 [y" AAz| = [lz]| [|y]|.
It therefore makes sense to define the condition number of A for the computation
of A as follows 1zl
Ty
k(A N) : )] (9)
and to set k(A, \) := oo if A is a multiple eigenvalue of A.

If A has real eigenvalues, we could define the condition number of A for real
eigenvalue computation as the maximum of (A, \) over all the real eigenvalues A
of A. In order to arrive at a reasonable definition that makes sense also for matrices
having no real eigenvalues, consider the subset ¥ C R™*"™ of matrices having a real
multiple eigenvalue as the set of ill-posed inputs.

We define the condition number of A € R™*™ for real eigenvalue computation by

V2| Al r
Heigen,R(A) = m

(10)

This definition is motivated by a result by Wilkinson [43], which (in slight reformu-
lation) states that for all real eigenvalues A of A

- VI Allr

“AA)—dmpgzy 1
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Thus Keigen,R is a conic condition number; it varies continuously with A and takes
the value oo when A € X.

In [12], Demmel used the fact that the right-hand side of (11) is conic to obtain
bounds on the tail of Keigen R(A) for random A. We next use this same fact to obtain
smoothed analysis estimates.

Proposition 4.3 For alln > 1 and 0 < o <1 we have

1
sup E (InKeigenr(Z)) <8lnn+2In— +6.
AeSn?-1Z€B(A0) o

PROOF. Let W be the set of matrices having multiple eigenvalues (real or complex).
Clearly, ¥ C W. In addition, W is the zero set of the discriminant polynomial,

which is a homogeneous polynomial of degree n? —n in the entries of A (compare [6,
Prop. 3.4]). Theorem 1.1 applied to the conic condition number diﬂt‘?ﬂFE) implies the

stated bound. O

4.4 General Eigenvalue computations

In addition to the computation of real eigenvalues, one can consider the compu-
tation of general (possibly complex) eigenvalues for real (or complex) matrices A.
Replacing the inner product in R™ by a corresponding Hermitian product in C™, the
derivation of (9) still holds and one can now define

Keigen(A) := max K(A, \)

where the maximum is over all eigenvalues A of A. Replacing now X by the set W
in the proof of Proposition 4.3, Wilkinson’s result [43] still holds and yields

V2| Allp
: < o
Feigen(4) < dist(A4, W)

from which the following result easily follows (for part (ii) one considers complex
numbers as pairs of real numbers, i.e., a complex matrix A as A € RQ"Z; this is
actually the way programming languages deal with complex numbers).

Proposition 4.4 For alln >1 and 0 < 0 <1 we have

(i) For real matrices A,

1
sup E (InFeigen(Z)) < 8Inn+2In— +6.
AES"LQ*l ZeB(A,o) o
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(ii) For complex matrices A,

1
sup E (Inkeigen(Z)) <8Inn+2In—+(6+2In2).
AeS2n2-1 ZEB(A0) o

PROOF. Part (i) is as in Proposition 4.4. For part (ii) one notes that W, as a
subset of R2"2, is the zero set of the real and imaginary parts of the discriminant

polynomial, which have both degree n? — n. O

4.5 Solving real polynomial systems

Let dy,...,d, € N\ {0}. We denote by Hq the vector space of polynomial systems
f="({f1,--., fn) with f; € R[Xj,...,X,] homogeneous of degree d;. For f,g € Hq
we write

fl(:E) :ZCLZXQ, gl(ﬂj) :Zb;Xa,

where a = (a, ..., q,) is assumed to range over all multi-indices such that |a| =
> ko = d; and )5;0‘ = X X{! - X3, We endow the space Hq with the inner
product (f, ) := >, {fi; 9i), where

AT
oy = 3 (&) ati.

loo|=d;

Hereby, the multinomial coefficients are defined as

a\ d
o aplog! - oy,

This inner product has the beautiful property of being invariant under the natural
action of the orthogonal group O(n + 1) on Hq. In the case of one variable, it was
introduced by Weyl [42]. Its use in computational mathematics goes back at least
to Kostlan [18].

Throughout this section, let || f|| denote the corresponding norm of f € Hgy.
The Weyl inner product defines a Riemannian structure on the sphere S(Hgq) :=
{f € Ha | |Ifll = 1}. As in the previous sections, we endow this sphere with the
corresponding projective distance dp.

In a seminal series of papers, M. Shub and S. Smale [23, 24, 25, 26, 27] studied
the problem of, given f € Hq ®r C, to compute an approximation of a complex zero
of f. They proposed an algorithm and studied its complexity in terms of, among
other parameters, a condition number finorm(f) for f. In the following we will recall
the definition of pinorm (f) adapted to the case of real systems and real zeros (see [4,
Chapter 12] for details).
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For a simple zero ¢ € S™ of f € Hq one defines

pnorm(£,€) = I£11 | (DF ()~ ding(V/ar, ... /)

where D f(()7, denotes the restriction of the derivative of f: R — R™ at ¢ to
the tangent space T;S™ = {v € R"™ | (v,{) = 0} of S™ at ¢. (The norm on the
right is the operator norm with respect to the Euclidean norm.) If ¢ is not a simple
root of f we set pinorm(f) = co. Note that pinerm(f,¢) is homogeneous of degree 0
in f and (.

Shub and Smale [24] proved a condition number theorem for the condition num-
ber finorm (f, ¢) for complex polynomial systems f and complex roots ¢. To describe
a corresponding result in the real situation, consider for ¢ € S™

)

Y :={g € Hq | ¢ is a multiple zero of g}.

Theorem 4.5 For a zero ( € S™ of f € S(Hq) we have

1
,Unorm(fﬂ C) = d]P’(fa 2C N S(Hd)) '

PROOF. The proof of [24] (see also [4, §12.4]) carries over immediately to the real
situation. 0

Let ¥ C Hq be the set of systems f € Hq having a real multiple zero. Note that
¢ € X. Therefore, by Theorem 4.5,

,Unorm(fa C)

1

= (7,50 5(Ha)

We define the condition number for real polynomial solving as the right-hand side:
1

~ de(£,5NS(Ha))’

This is by definition a conic condition number: it varies continuously with f and
takes the value oo when f € 3.

Nnorm,]R (f) :

Proposition 4.6 For all dy,...,d, € N\ {0} and all o0 € (0,1] we have

1
sup E (Infmormr(9) <2InN+4InD+2Inn+2In—+7,
fES(Ha) 9€B(f.0) o

where N =dimHgq — 1 and D = d; - - - d,, is the Bézout number.

Proor. Let W be the discriminant variety consisting of the systems f € Hq
having a complex multiple zero. Then > C W. In addition, it is well known that
W is the zero set of a multihomogeneous polynomial of total degree bounded by
2nD?, where D = dj - - - d,, is the Bézout number (see, e.g., [6, Lemma 3.6]). The
statement now follows immediately from Theorem 1.1. O
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Remark 4.7 (i) By the results in [23], the condition number pinorm(f) not only
measures the maximum sensitivity of complex solutions to the input f, but
it is also a crucial complexity parameter for algorithms approximating such
solutions. While finorm k (f) shares with finerm(f) the first property, it is not
clear whether this is also the case for the second one.

(ii) By considering complex numbers as pairs of real numbers one can see the prob-
lem of, given f € Hq (or in Hq ® C), compute an approximation of a complex
zero of f (studied by Shub and Smale [23, 24, 25, 26, 27]) as a problem over
the reals. Proceeding as in §4.4, one can find bounds for the smoothed analysis
of this problem similar to those in Proposition 4.6.

4.6 Real zero counting

Consider the problem of, given f € Hq, counting the number of real zeros of f in S™.
Unlike the problems considered so far, this is a problem with a discrete output. This
means that sensitivity considerations as described in the previous problems do not
apply here. Yet, finite precision algorithms will require more precision to give a
reliable output when the input f is close to the set ¥ of systems with multiple real
zeros, and will not give any such reliable output when f € 3 (since in this case,
arbitrarilly small perturbations of f will change the output). It therefore makes
sense to define as condition number for the counting problem

[l
d(f) = ———.
cond(f) = Gt (7.5
Since cond(f) = pnormr (f) for f € S(Hq), the bounds of Proposition 4.6 hold for
cond(f) as well. We note, however, that in §4.5 we assumed a specific inner product
on Hq (whose properties are crucial in the proof of Theorem 4.5). In contrast, for
the smoothed analysis of cond(f), any inner product on Hq would do.

Appendix

The constants C(p,i) appearing in Theorem 2.7 depend only on p and i and are
independent of the manifold M. We derive the expression for C(p,i) stated in
Theorem 2.7 by selecting a simple enough M. Consider the boundary M, = M,(q)
of the ball Br(q, @) in SP of radius 0 < av < 7/2 centered at ¢ (recall Example 2.6).
According to Theorem 2.7 we have for 0 <i <p—1

1i(Ma) = C(p i) | pi(Ma(2) 1 S+1)dSP ().

OP Sp

Let p(z) denote the Riemannian distance from z € SP to S™FL. If p(z) < a, then
the intersection M,(z) N S+ is the boundary of a ball in S**!. The radius §(z) of
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the sphere M, (z) N S+ satisfies cos o = cos p(z) - cos §(z) by a well known formula

of spherical trigonometry. From Example 2.6 we know that pu;(M,(z) N Si*!) =

O; (cos §(2))!. On the other hand, M,(z) does not intersect S*! if p(z) > a.
JFrom these reasonings we obtain

1 CoSs « .
— i(M,, n st dS?(z / < ) — vol,Tj S”l, dp.
o, [, HiOMa(z) 1 S as? () = o 75 v TE(S™ ) dp

cos p

;From Lemma 2.1 and the definition of Jj, ,—;—1(p) it follows that

d ; . —f— 7
—vol, Tr(S™™, p) = 01410,—i_a(sin p)* =2 (cos p)" .

dp
We obtain
1 - 0;0;:10,_;_ e
— | pi(My(2) N STHdSP(2) = ﬁ/ (cos ) (sin p)P~*=2 cos p dp.
Op Jsv Op 0
.): ) . (si p—i—1
(’),OHC;OP_,_Q (cos )’ (s;n_az .
D
On the other hand, by Equation (5),
p—1 . —i—1 i
wi(My) = ; Op_1(sina)? (cos )",
By comparing the last two equations, the asserted form of C(p,) follows. O

References
[1] C. Beltran and L.M. Pardo. Upper bounds on the distribution of the condition number
of singular matrices. To appear at Found. Comput. Math.

[2] A. Ben-Israel and T.N.E. Greville. Generalized Inverses: Theory and Applications.
Springer-Verlag, 2nd edition, 2003.

[3] L. Blum. Lectures on a theory of computation and complexity over the reals (or an
arbitrary ring). In E. Jen, editor, Lectures in the Sciences of Complexity II, pages 1-47.
Addison-Wesley, 1990.

[4] L. Blum, F. Cucker, M. Shub, and S. Smale. Complexity and Real Computation.
Springer, 1998.

[5] J. Bochnak, M. Coste, and M.-F. Roy. Real algebraic geometry, volume 36 of Ergebnisse
der Mathematik und ihrer Grenzgebiete (3). Springer-Verlag, Berlin, 1998.

[6] P. Biirgisser, F. Cucker, and M. Lotz. Smoothed analysis of complex conic condition
numbers. J. Math. Pures et Appl., 86:293-309, 2006.

[7] S.L. Campbell and C.D. Meyer. Generalized Inverse of Linear Transformations. Pit-
man, 1979.

28



8]

[19]
[20]
[21]

[22]

S.-S. Chern. On the kinematic formula in integral geometry. J. Math. Mech., 16:101—
118, 1966.

D. Cheung and F. Cucker. A note on level-2 condition numbers. J. of Complezity,
21:314-319, 2005.

F. Cucker, H. Diao, and Y. Wei. Smoothed analysis of some condition numbers. Numer.
Lin. Alg. Appl., 13:71-84, 2005.

J. Demmel. On condition numbers and the distance to the nearest ill-posed problem.
Numer. Math., 51:251-289, 1987.

J. Demmel. The probability that a numerical analysis problem is difficult. Math.
Comp., 50:449-480, 1988.

J. Dunagan, D.A. Spielman, and S.-H. Teng. Smoothed analysis of Rene-
gar’s condition number for linear programming. Preprint available at
http://theory.lcs.mit.edu/ spielman, 2003.

C. Eckart and G. Young. The approximation of one matrix by another of lower rank.
Psychometrika, 1:211-218, 1936.

G. Golub and C. Van Loan. Matriz Computations. John Hopkins Univ. Press, 1989.

A. Gray. Tubes. Addison-Wesley Publishing Company Advanced Book Program, Red-
wood City, CA, 1990.

R. Howard. The kinematic formula in Riemannian homogeneous spaces. Mem. Amer.
Math. Soc., 106(509):vi+69, 1993.

E. Kostlan. On the distribution of the roots of random polynomials. In M. Hirsch,
J.E. Marsden, and M. Shub, editors, From Topology to Computation: Proceedings of
the Smalefest, pages 419-431. Springer-Verlag, 1993.

J. Milnor. On the Betti numbers of real varieties. In Proc. AMS, volume 15, pages
275-280, 1964.

J. Renegar. On the efficiency of Newton’s method in approximating all zeros of systems
of complex polynomials. Math. of Oper. Research, 12:121-148, 1987.

L. A. Santalé. Integral geometry and geometric probability. Addison-Wesley Publishing
Co., Reading, Mass.-London-Amsterdam, 1976.

I. R. Shafarevich. Basic algebraic geometry. Springer-Verlag, New York, 1974. Trans-
lated from the Russian by K. A. Hirsch, Die Grundlehren der mathematischen Wis-
senschaften, Band 213.

M. Shub and S. Smale. Complexity of Bézout’s theorem I: geometric aspects. J. Amer.
Math. Soc., 6:459-501, 1993.

M. Shub and S. Smale. Complexity of Bézout’s theorem II: volumes and probabilities.
In F. Eyssette and A. Galligo, editors, Computational Algebraic Geometry, volume 109
of Progress in Mathematics, pages 267-285. Birkh&auser, 1993.

M. Shub and S. Smale. Complexity of Bézout’s theorem III: condition number and
packing. Journal of Complexity, 9:4-14, 1993.

29



[26]
[27]
[28]
[29]
[30]
[31]
32]

33]

[44]

[45]

M. Shub and S. Smale. Complexity of Bézout’s theorem IV: probability of success;
extensions. SIAM J. of Numer. Anal., 33:128-148, 1996.

M. Shub and S. Smale. Complexity of Bézout’s theorem V: polynomial time. Theoretical
Computer Science, 133:141-164, 1994.

S. Smale. The fundamental theorem of algebra and complexity theory. Bull. Amer.
Math. Soc., 4:1-36, 1981.

S. Smale. Complexity theory and numerical analysis. In A. Iserles, editor, Acta Nu-
merica, pages 523-551. Cambridge University Press, 1997.

D.A. Spielman and S.-H. Teng. Smoothed analysis of algorithms. In Proceedings of the
International Congress of Mathematicians, volume I, pages 597-606, 2002.

D.A. Spielman and S.-H. Teng. Smoothed analysis of termination of linear programming
algorithms. Math. Programm. Series B, 97:375-404, 2003.

D.A. Spielman and S.-H. Teng. Smoothed analysis: Why the simplex algorithm usually
takes polynomial time. Journal of the ACM, 51(3):385-463, 2004.

D.A.. Spielman and S.-H. Teng. Smoothed analysis of algorithms and heuristics. In
Foundations of Computational Mathematics, Santander 2005, volume 331 of London
Mathematical Society, Lecture Note Series, pages 274-342. Cambridge University Press,
2006.

M. Spivak. A comprehensive introduction to differential geometry. Vol. I. Publish or
Perish Inc., Wilmington, Del., second edition, 1979.

M. Spivak. A comprehensive introduction to differential geometry. Vol. I1I. Publish or
Perish Inc., Wilmington, Del., second edition, 1979.

G.W. Stewart and J. Sun. Matrix Perturbation Theory. Academic Press, 1990.

R. Sulanke and P. Wintgen. Differentialgeometrie und Faserbindel. Birkh&user Ver-
lag, Basel, 1972. Lehrbiicher und Monographien aus dem Gebiete der exakten Wis-
senschaften, Mathematische Reihe, Band 48.

J. A. Thorpe. FElementary topics in differential geometry. Undergraduate Texts in
Mathematics. Springer-Verlag, New York, 1994.

A.M. Turing. Rounding-off errors in matrix processes. Quart. J. Mech. Appl. Math.,
1:287-308, 1948.

J. von Neumann and H.H. Goldstine. Numerical inverting matrices of high order. Bull.
Amer. Math. Soc., 53:1021-1099, 1947.

H. Weyl. On the Volume of Tubes. Amer. J. Math., 61(2):461-472, 1939.
H. Weyl. The Theory of Groups and Quantum Mechanics. Dover, New York, 1950.

J. Wilkinson. Note on matrices with a very ill-conditioned eigenproblem. Numer.
Math., 19:176-178, 1972.

R. Wongkew. Volumes of tubular neighbourhoods of real algebraic varieties. Pacific J.
of Mathematics, 159:177-184, 2003.

M. Wschebor. Smoothed analysis of x(a). J. of Complexity, 20:97-107, 2004.

30



