MATHEMATICS OF COMPUTATION

Volume 70, Number 233, Pages 329-335

S 0025-5718(00)00934-0

Article electronically published on July 10, 2000

A CONDITION NUMBER THEOREM
FOR UNDERDETERMINED POLYNOMIAL SYSTEMS

JEROME DEGOT

ABSTRACT. The condition number of a numerical problem measures the sen-
sitivity of the answer to small changes in the input. In their study of the
complexity of Bézout’s theorem, M. Shub and S. Smale prove that the condi-
tion number of a polynomial system is equal to the inverse of the distance from
this polynomial system to the nearest ill-conditioned one. Here we explain how
this result can be extended to underdetermined systems of polynomials (that
is with less equations than unknowns).

1. INTRODUCTION

The condition number of a numerical problem measures the sensitivity of the
answer to small changes in the input. We call the problem ill-posed if its condition
number is infinite. For a given problem, a condition number theorem asserts that
the condition number p is equal to the inverse of the distance of that problem to
the set X of ill-posed ones.

A first example of such a theorem is due to Eckart and Young [4] about the
problem of matrix inversion. See Demmel [3] and Dedieu [2] for a general study
concerning condition number theorems for various numerical problems like: matrix
inversion, computing eigenvalues and eigenvectors, finding zeroes of polynomials,
pole assignment in linear control, ...

In the case of polynomial systems with the same number of equations as un-
knowns, Shub and Smale [6] have proved a condition number theorem. We will
give a direct and elementary proof of this theorem, using various properties of
Bombieri’s scalar product. This allows us to extend their result to the case of
underdetermined polynomial systems (that is with less equations than unknowns).

2. BACKGROUND

Here, we deal only with homogeneous polynomials. Extensions to the affine case
are generally trivial, fixing the first variable to 1.

Let Hg denote the linear space of all homogeneous polynomial systems P =
(Py,...,P,): C't — C™ where each P; is a homogeneous polynomial of n + 1-
variables, of degree d; and d = (dy,...,dn).

Remark 1. We denote by n 4+ 1 the number of variable, because the first variable

zo is added to homogenize an ordinary affine polynomial system C"* — C™.
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For two homogeneous polynomials P;, Q; : C*t! — C of degree d;, Bombieri’s
scalar product is defined by

ol —
[PzaQ'L](d,): Z ﬁaabav

la|=d; e
where P;(z) = Z\od:d,z anz®, Qi(z) = Z|a\=d,; baz®. With the usual notations,
if @ = (a,...,an) EN"TL we have |a| = ag + -+ + apn, a! = ap!...a,! and
2% = z§° ... z%. This induces a hermitian inner product on Hy for P, Q € Hg,

m

[P,Q] = Z [Pi, Qil(dy»

i=1
we denote by ||P|| and d(P, @) the associated norm and distance defined by
1
1P| =[P, P]? and d(P,Q)=|P-Q|.

We now give a series of lemmas concerning Bombieri’s scalar product. If x € C*+1,
we use 0, to denote the homogeneous (n + 1)-variable polynomials of degree 1,
defined by

0:(2) = z": T2 .
i=0

Remark 2. If z,y € C"*!, we have
[51’; 5y](1) = <ya (E> )
where (.,.) is the usual inner product of C**1.

The following lemma allows us to replace the evaluation of a polynomial at a
point by a duality formula.

Lemma 1 (B. Reznick [5]). Let P : C"*' — C be a homogeneous polynomial of
degree d. For every x € C"*1 we have

P(z) =[P, 5g](d)~

Lemma 2 (B. Reznick [5]). Let P,Q and R be three homogeneous polynomials of
respective degrees p, q and T such that p+ q = r; then

¢ -5
[PQvR](r) = ﬁ[QvP(D)R](q) )
where P(D) is the differential operator defined by
0 0

P(D)=P(—,...,—).
(D) (&Eo’ ’ c%cn)
The next lemma is a corollary of Proposition 4 of Beauzamy-Dégot [1].
Lemma 3. Let Py,...,P; and Q1,...,Qk be homogeneous polynomials of degree
1. We have

[Plu'Pk;Ql Qk](k) = %Z[PlaQa(l)] XX [PkaQa(k)]v

where o runs over the set Sy of all the permutations of {1,...,k}.

Combining Lemmas[Iland 2 we obtain a duality formula for polynomial systems.
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Lemma 4. Let P = (Py,...,P,) : C""' — C™ be a homogeneous polynomial
system, such that each P; is of degree d;. For x,y € C"™1 we have
DP(x)y|; = d; [P, (5;1"'7151,]({17:) forall i=1,...,m,

where DP(z)y|; denotes the ith coordinate of DP(x)y, the differential of P at x
applied to y.

Proof. For all i =1,...,m, we have

n

OP,
DP(x)yl; =Y _y5 ().
§=0 J

Using Lemmas [T and 2| we obtain
DP(z)yli = [05(D)P;, 65 a,-1)
= d; [Pi,égiiléy](di) ,
which proves the lemma.

For the proof of the first three lemmas and for a detailed study of the properties
of Bombieri’s scalar product, we refer the reader to [1].

3. THE CONDITION NUMBER OF A POLYNOMIAL SYSTEM
We consider the numerical solution of the equation
P(z)=0

where P : C"*! — C™ is a homogeneous polynomial system. We want to define
the condition number of the system P. The condition number should measure the
relative sensitivity of the solution (output) with respect to the change of the data
(input). Let AP be an infinitesimal perturbation of P, and let Az be the first order
corresponding perturbation of x, in the following sense:

(1) [Az|| =~ inf{lly - =||; (P+ AP)(y) = 0}.
Lemma 5. The previous formula implies that Az € (Ker DP(z))".
Lemma 6. We have
Ax = —DP(x)*AP(x) ,
where DP(x)* is the Moore-Penrose inverse of DP(x), that is
DP(z)" = (DP($)|(KerDP(x))L)
Proofs. The Taylor expansion of P + AP gives

0 (P + AP)(z + Ax)
P(z+ Az) + AP(z + Ax)
P(x) 4+ DP(x)Az + Ap(x) + o(||Ax]]) .

Then DP(z)Axz = —AP(x). By relation ([Il), we deduce that Az € (Ker DP(a:))L,
and so we have Az = —DP(x)* AP(z), which gives the lemma.
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We can now compute the condition number:
[Az]| _ |[DP(x)"AP(x)]|

[l] [l]

|DP(2)* Diag(||=||*") Diag(||=||~ ") AP(@)]|

%) is the diagonal matrix such that

d; . d
) = Diag([|z[™,..., =

where Diag(||z

dm
).

Diag(||x
Then
d;
)

|Az]| _ |[DP(x)* Diag(|lx

< || Diag(||z||~*) AP ()],
[l] ] ?

By Lemma [Tl we have

d;
)

|Pi(@)] = I[P, 5] < [P] ||

» Y

SO
|Diag ||z ~")AP ()], < [AP].
Therefore,

[Az]]
[l]

< [|DP(x)" Diag(|lx

AP

The condition number of P at x is then given by
(P, x) = || DP(z)" Diag(||z

For sharper estimates on complexity it is convenient to have a further factor of
V/d;. Thus like in Shub-Smale 6], we will use the following normalization of the
condition number

finorm (P, ) = | DP(2)* Diag(v/d;| =

4. CONDITION NUMBER THEOREM

di—1
)

Hop *

d;—1
il

op *

It turns out that for many problems of numerical analysis, there is a simple
relationship between the condition number of the problem and the shortest distance
from that problem to an ill-posed one. A condition number theorem is a theorem
which characterizes this relationship. We will give here a general condition number
theorem for the problem of finding a zero of a polynomial system of equations.

Definition 1. Let d = (d1,...,d,) be fixed. We denote by 3, the set of all
ill-posed problems at x, that is

Y. ={Q € Ha; Q(x) =0 and the rank of DQ(z) is less than m}.
Theorem 1. Let P: C"t! — C™ be a homogeneous polynomial system with n >
m, and let x € C"*L be such that P(z) =0 and Rank(DP(z)) = m. Then

1
norm (P, ) = m .

Remark 3. In the case where n = m, this is the condition number theorem of
Shub-Smale [6].

We will give here a proof of this theorem, using the properties of the linear space
‘Hg equipped with the hermitian structure described in section
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5. PROOF OF THE THEOREM
We have
d(P,%;) = nggm [P —R| = inf QI -

(P+Q)(z)=0
Rank(D(P+Q)(z))<m

Then we want to find the polynomial system ) € Hy of smallest norm, such that

(2) (P +Q)(z) =0,
(3) Rank(D(P + Q)(x)) < m.

5.1. First part of the proof: d(P,%,) > m .

Remark 4. We consider homogeneous polynomial systems, so the Euler identity
gives
(P+Q)(x) =0,
— D(P+ Q)(z)x =0,
= x € Ker(D(P+ Q)(z)).
Let Q = (Q1,...,Qm) € Ha be one of the homogeneous polynomial systems,
with smallest norm satisfying (@) and (@), and let x,z1,...,2, € C*"1, where

k > n+1—m, be an orthogonal basis of Ker(D(P + @)(z)). Denote by H and M
the linear spaces defined by

M = Span{z,z,..., 2z},
H = {Re€Hqg; R(x)=0and DR(z)y =0 for all y € M}.

Proposition 1. With the previous notations, we have
1. Qe H;
2. H- ={R € Hq; R; = 6%15,, where y;e M} .

Proof. We can write Q = Qo + Q1, where Qo€ H+ and Q1 € H. Then “Q satisfies
@) and @B)” implies that “Qq satisfies ([2) and [B])”. We have

QI = 11Qoll* + 1Q111%;

thus @ = 0 and then Q € H+. For the proof of the second part of the proposition,
denote by K the linear space

K={R€MHy; R =6%1'6,, where y;€ M}.
We want to show that H+ = K or equivalently H = K. We have
QeK" = [Qi65 10,4y =0 forall yeMandi=1,...,m.

By Lemma H] this is equivalent to Q(z) = 0 and DQ(z)y = 0 for all y € M, which
concludes the proof.
Therefore, the polynomial system ) is such that

Qi = 04715,  withy,eM,
for all i = 1,...,m. Observe first that by Lemmas [ and [3] we have
Qi(w) = (08710, 6%] 4y = NV (w9 = 0,
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then (x,y;) =0 for alli =1,...,m. We deduce that

Z[Q“Qi](d Z[éd _15ynég _151/7]((17;)7

i=1 =1
m

1 2, 12(d
2:: d_i”yi” (El

Now we want to estimate ||y;||. By a dimension argument, we know that there
exists w € C" such that ||ul| = 1 and v € Ker(DP(z))" N KerD(P 4 Q)(x). We
then have using Lemma [

D<P+@><x>u - 0,

[te]l§

(4) [fe]ln

— [ ’H(sz 716 ](d,) = [5d 715%’5% 715 ] )
di—
= —lal ”<u,yz-> ,
foralli=1,...,m

Then by the Cauchy-Schwarz inequality, we have

1 o
|1Ps, 08 0y | < eVl foralli=1,....m
1

1y Vg

Using this last inequality and (@), we have the following chain of calculus:

i di |[P:, 0315,)°

2
1RI* = —
=l
_ Z|DP )ul,?
2(d;—1
7 dif|a]* Y
- |‘Diag(7dH)DP(x)ul|2
di X
1
> inf Diag(————)DP(x)ul? .
N uEKer(DP(;c))iH g 7|z a1 DP(@)ull
llull=1

71” —

Recall that for an invertible linear operator A, we have || A op = m, SO

. _ 1 1
inf HDzag(id/il)DP(x)uH = . p—
ueKeHr<IJ|3P(x>V dil|z||* [ DP(z)* Diag(v/d;l|z[|™ ),
ul|=1
_ 1
Mnorm(va) ’

which finishes the first part of the proof. To conclude, it remains to prove the
opposite inequality.

5.2. Second part: d(P,z) < %(Pm) . Assume that u € Ker(DP(Jc))L is such

that ||u]| = 1 and u realizes the following infimum:
1
inf | Diag(——=—=)DP(x)y|| = || Diag(————F—=)DP(x)u] .
veKer(DP()* Vi) &) ¥
y =
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Consider the homogeneous polynomial system @ = (Q1,...,Qm) € Hq, defined by

[P%égi*léu](di) di-1g

Qi:—in foralli=1,...,m.

It can easily be seen that
(P +Q)(x) =0,
D(P + Q)(x)y
D(P + Q)(z)u
Thus Q satisfies the conditions (@) and (3). Then

AP35, < Q| = |Dz’ag<W)DP<x)un

1
- inf | Diag(——=———)DP(z)y||
veKer(DR@E)* V]|
i

for all y € Ker(DP(x)),

x)y =0
x)u = 0.

1 1
|DP(2)*Diag(v/di||z|% )|, Hnorm(P,x)

op
which ends the proof of the theorem.

6. CONCLUSION

It may be surprising that the proof of the theorem does not use what is usually
considered as the main property of Bombieri’s norm, that is, the unitary invariance
(invariance under unitary change of variables in P). The use of this property should
allow us to replace the point x at which we compute the condition number of P,
by (1,0,...,0). But this simplification would not improve our proof since we never
look at the coefficients of the polynomial system. The second important difference
between our approach and that of Shub-Smale, is that we do not use a result on
matrices to derive the theorem.

The author would like to thank Mike Shub for helpful discussions.
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