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ABSTRACT. In this mostly expository paper we explain how the Bernstein
basis, widely used in computer-aided geometric design, provides an efficient
method for real root isolation, using de Casteljau’s algorithm. We discuss
the link between this approach and more classical methods for real root
isolation. We also present a new improved method for isolating real roots
in the Bernstein basis inspired by Roullier and Zimmerman.

Introduction

Real root isolation is an important subroutine in many algorithms of real
algebraic geometry [Basu et al. 2003] as well as in exact geometric computations,
and is also interesting in its own right.

Our approach to real root isolation is based on properties of the Bernstein
basis. We first recall Descartes’ Law of Signs and give a useful partial reciprocal
to it. Section 2 contains the definition and main properties of the Bernstein
basis. In the third section, several variants of real root isolation based on the
Bernstein basis are given. In the fourth section, the link with more classical real
root isolation methods [Uspensky 1948] is established. We end the paper with a
few remarks on the computational efficiency of the algorithms described.

1. Descartes’ Law of Signs

The number of sign changes, V(a), in a sequence a = ao, ..., a, of elements
in R\ {0} is defined by induction on p by

_{V(al,...,ap)Jrl if aga; <0,
IR

(al,...,ap) if aga; > 0.
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This definition extends to any finite sequence a of elements in R by considering
the finite sequence b obtained by dropping the zeros in a and defining V(a) =
V(b), with the convention V(&) = 0.

Let P = a,X? +--- + ap be a univariate polynomial in R[X]. We write
V(P) for the number of sign changes in ay, ..., a, and pos(P) for the number of
positive real roots of P, counted with multiplicity.

We state the famous Descartes’ law of signs, of 1636. (Descartes’ text appears
in [Struik 1969, pp. 90-91]. See also [Basu et al. 2003], for example, for a proof.)

THEOREM 1.1 (DESCARTES’ LAW OF SIGNS).

(i) pos(P) < V(P).
(ii) V(P)—pos(P) is even.

In general, it is not possible to conclude much about the number of roots on an
interval using only Theorem 1.1.

An instance where Descartes’ law of signs permits a sharp conclusion is the
following.

THEOREM 1.2. Let
D= {(z+iy) eR[i] |z < -, (z+1)*+y* < 1}
be the part of the open disk with center (—1,0) and radius 1 which is to the left

of the line x = —% in R? = R[i]. If P € R[X] is square-free and has either no

roots or exactly one simple root in (0, +00), and all its complex roots in D, then

V(P)=0 or V(P)=1 and

(i) P has one root in (0,+00) if and only if V(P) =1,
(ii) P has no root in (0,+00) if and only if V(P) = 0.

The proof of the theorem relies on the following lemmas.
LEMMA 1.3. For A, B € R[X]

V(4A)=0,V(B)=0 = V(AB) =0.
PROOF. Obvious. U
LEMMA 1.4. For A, B € R[X]

V(A)=1, B=X+b, b>0 = V(4B)=1.
PrOOF. If b =0, V(AB) = V(A) = 1. Now, let b > 0. Let
A=a;X%ag_ 1 X1+ +ao,

and suppose, without loss of generality, that ag = 1. Since V(4) = 1 and a4 = 1,

there exists k£ such that
>0 ifi>k,

a;{ <0 ifi=k, (1-1)
<0 ifi<k.
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Letting ¢; be the coefficient of X* in AB and making the convention that ag,, =
a_1 = 0, we have

a;i_1+ab>0 ifk+1<i<d,
;=X ap_1+ab<0 ifi=%F,
a;_1+ab<0 ifi<k,

and cg11 = agq > 0. So, whatever the sign of ¢;41, V(AB) = 1. O

LEMMA 1.5. If V(A) =1, B = X?2+bX +c withb > 1, b > ¢ > 0, then
V(AB) = 1.

PrROOF. Let A = ag X%+ ag_1 X% '+ - -+ ao and suppose without loss of
generality that ag = 1. Since V(A) = 1 and aq = 1, there exists k such that
(1-1) is satisfied. Letting ¢; be the coefficient of X? in AB and making the
convention that agie2 = agy1 = a—1 = a_2 = 0, we have

a;—o+a;_1b+a;c>0 fork+2<i<d+2,
c; =X ag_star_1b+arc <0 fori=k,
ai_ota;_1b+a;c <0 fori<k.

The only way to have V(AB) > 1 would be to have ¢1 > 0, ¢pr2 < 0, but this
is impossible since

Ckt2 — Ckt1 = Gkt2¢t+agt1(b—c)+ar(l—b)—ag—1 > 0. O

PROOF OF THEOREM 1.2. Notice first that by Theorem 1.1, V(P) = 1 implies
that P has one root in (0,+00), and V(P) = 0 implies that P has no root in
(0, +00). Note also that

o if X +a has its root in (0,400), then a < 0 and V(X +a) =1,
e if X +b has its root in (—o0,0], then b > 0 and V(X +b) =0,
e if X2+4+bX +c has its roots in D, then b > 1,b > ¢ > 0 and V(X2 +bX +c) = 0.

Now decompose P into irreducible factors of degree 1 and 2 over R. If P has
one root a in (0,+00), V(X +a) = 1. Starting from X + a and multiplying
successively by the other irreducible factors of P, we get polynomials with sign
variations equal to 1, using Lemma 1.4 and Lemma 1.5. Finally, V(P) = 1.

If P has no root in (0, +00), starting from 1 and multiplying successively by
the irreducible factors of P, we get polynomials with sign variations equal to 0,
using Lemma 1.3. Finally, V(P) = 0. d

2. The Bernstein Basis

The Bernstein basis is widely used in computer-aided design [Farin 1990]. We
recall some of its main properties, in order to use them for real root isolation in
the next section.
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NOTATION 2.1. Let P be a polynomial of degree < p. The Bernstein polynomials
of degree p for ¢, d are the

Byi(e,d) = <p> (X—C)i(d—X)”‘i’

i (d—c)p

fori=0,...,p.
REMARK 2.2. Note that B, ;(c,d) = By ,—;(d, c) and that

X025
Since the multiplicity of the polynomial B, ;(c,d) at = cis ¢ and Bp;(c,d) is a
polynomial of degree p, we immediately deduce that the polynomials B, ;(c, d),
i = 0,...,p are linearly independent and form a basis of the vector space of
polynomials of degree < p.

Here are some simple transformations, useful to understand the connection
between the Bernstein basis and the monomial basis.

Bp’i (C, d) =

Reciprocal polynomial in degree p: Rec,(P(X)) = XPP(1/X). The nonzero
roots of P are the inverses of the nonzero roots of Rec(P).

Contraction by ratio A: for every nonzero A, Cx(P(X)) = P(AX). The roots of
Cx(P) are of the form x/\, where x is a root of P.

Translation by ¢: for every ¢, T.(P(X)) = P(X —c¢). The roots of T.(P(X)) are
of the form x4+ ¢ where z is a root of P.

PROPOSITION 2.3. Let P =" b;B,(d,c) € R[X]| be of degree < p. Let

T_1 (Recy(Ca—c(T—o(P)))) = Y e X"
=0

p
bi = Cp—j.
(5)p=o

PROOF. Performing the contraction of ratio d—c after translating by —c trans-
X —c¢)i(d—X)P~? ; ;
2_) ( o) ) into p X'(1-X)r.
i (d—c)p i
Translating by —1 after taking the reciprocal polynomial in degree p transforms

(’?) Xi(1-X)P" into (’?) XPi, O
1 (3

Let P be of degree p. We denote by b = by, ...,b, the coefficients of P in the
Bernstein basis of ¢,d. Let n(P;(c,d)) be the number of roots of P in (c,d)
counted with multiplicities.

PROPOSITION 2.4. (i) V(b) > n(P; (¢, d)).
(ii) V(b) —n(P;(c,d)) is even.

Then

forms
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ProoF. This follows immediately from Descartes’ law of signs (Theorem 1.1),
using Proposition 2.3. Indeed, the image of (¢,d) under the translation by —c
followed by the contraction of ratio d—c is (0,1). The image of (0,1) under the
inversion z — 1/z is (1,400). Finally, translating by —1 gives (0, +00). O

We now describe a special case where the number V(b) coincides with the number
of roots of P on (¢,d). Let d > ¢, and C(c,d)o be the closed disk with center
(¢,0) and radius d — ¢, and let C(c,d); be the closed disk with center (d,0) and
radius d —c.

THEOREM 2.5 (THEOREM OF 2 CIRCLES). If P is square-free and has either no
root or exactly one simple root in (c,d) and P has no complex root in C(c,d)oU

C(c,d)1, then

(i) P has one root in (¢,d) if and only if V(b) =1,

(ii) P has no root in (c,d) if and only if V(b) = 0.

PrROOF. We identify R? with C = R[i]. The image of the complement of C(c, d)o
(resp. C(c,d)1) under the translation by —c followed by the contraction of ratio

d—c is the complement of C(0, 1) (resp. C(0,1)1). The image of the complement
of C(0,1)¢ under the inversion z +— 1/z is

{(z+iy) e R[] | 0 < 2% 4y? < 1}.
The image of the complement of C(0,1); under the inversion z — 1/z is
{(z+iy) e R[] |z < 3}.
The image of the complement of C(0,1)qUC(0,1); under z — 1/z is
{(z+iy) eR[] |0 <2’ +y* <1,z < 3}
Translating this region by —1, we get the region
D= {(s+iy) | o < 1, (@412 4+ <1}

defined in Theorem 1.2.
The statement then follows from Theorem 1.2 and Proposition 2.3. O

Notice that this result which is a weaker version of the two-circles theorem pre-
sented in [Mehlhorn 2001], and related to [Ostrowski 1950], is given for the sake
of simplicity. Indeed, one can use instead the two-circles D(% + 2;\‘/5, %), as
proved in the works cited.

The coefficients b = by, ..., b, of P in the Bernstein basis of ¢, d give a rough
idea of the shape of the polynomial P on the interval ¢,d. The control line of P
on [c,d] is the union of the segments [M;, M, 1] for i =0,...,p—1, with

M, = (Mb)

p
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Figure 1. Graph of P on [0,1] and the control line.

It is clear from the definitions that the graph of P goes through M, and M,
and that the line Mo, My (resp. M,_1, M,) is tangent to the graph of P at M
(vesp. M,).

ExXAMPLE 2.6. We take p = 3, and consider the polynomial P with coefficients
(4,—6,7,10) in the Bernstein basis for 0,1

(1-X)3, 3(1-X)%X, 3(1-X)X?, X3
We draw the graph of P on [0, 1], the control line, and the X-axis in Figure 1.

The control polygon of P on [e,d] is the convex hull of the points M; for i =
1,...,p.

ExAMPLE 2.7. Continuing Example 2.6, we draw the graph of P on [0, 1] and
the control polygon in Figure 2.

An important and well-known property of the Bernstein polynomials is the fol-
lowing;:

PROPOSITION 2.8. The graph of P on [c,d] is contained in the control polygon
of P on |[c,d].

PROOF. In order to prove the proposition, it is enough to prove that any line L
above (respectively under) all the points in the control polygon of P on [e,d] is

Figure 2. Graph of P on [0, 1] and the control polygon.
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above (respectively under) the graph of P on [¢, d]. If L is defined by Y = a X+,
let us express the polynomial aX +b in the Bernstein basis. Since

1= X—c n d— X\’
" \d-c d—c)’
the binomial formula gives
p 7 p—1i V4
X - d—X
=20 6=) (=) -
i=o \' —¢ —¢ =0
o (g X0, (=X X—c d-X Pt
N d—c d—c d—c d-c ’
the binomial formula together with Remark 2.2 gives

X = p_: (d (5__;) +e (%)) By_1.(c,d)

Bp,i(c, d)

Since

Thus,
P . .
id+(p—1i)c
aX+b= ; (a (T +b) B, (¢, d).
It follows immediately that if L is above every M;, that is, if
d .
" (2 +(p—i)c
p
for every 4, then L is above the graph of P on [c,d], since P = Y% _ b; By i(c,d)
and the Bernstein polynomials of ¢, d are nonnegative on [c¢,d]. A similar argu-
ment holds for L under every M;. O

)+b>bi

The following algorithm computes the coefficients of P in the Bernstein bases of
¢, e and e, d from the coefficients of P in the Bernstein basis of ¢, d.

ALGORITHM 2.9 (DE CASTELJAU).

INPUT: a list b = bg,...,b, representing a polynomial P of degree < p in the
Bernstein basis of ¢, d, and a number e € R.

OuTPUT: the list b" = by, ..., b, representing P in the Bernstein basis of ¢, e and
the list b” = by, ..., bj representing P in the Bernstein basis of e, d.

1. Define a = (d—e)/(d—c) and 8 = (e—c)/(d—c).
2. Initialization: b§-0) =0b;,5=0,...,p.
3. Fori=1,...,p
For j=0,....,p—1
compute b;i) = abg.i_l) +6b§1—11).
4. Output & =00 ,... .05, ..., and 0" = b, ..., lP~ 7 b,
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De Casteljau’s algorithm can be visualized by means of the triangle

by b\ . . b

bépfl) bgpfl)
b(()P)

j i—1 i—1
where b;z) = Ozbg.Z )—|—ﬁb§»l+1 ) a= (d—e)/(d—c) and = (e—c)/(d—c).
The coefficients of P in the Bernstein basis of ¢, d appear in the top side of
the triangle and the coefficients of P in the Bernstein basis of ¢, e and e, d appear
in the two other sides of the triangle.

NoOTATION 2.10. We denote by a the list obtained by reversing the list a.

PROOF OF CORRECTNESS OF DE CASTELJAU’S ALGORITHM. It is enough to
prove the part of the claim concerning c, e. Indeed, by Remark 2.2, b represents P
in the Bernstein basis of d, ¢, and the claim is obtained by applying de Casteljau’s
Algorithm to b at e. The output is »” and ¥ and the conclusion follows using
again Remark 2.2.

Let §,,; be the list of length p+1 consisting of zeros except a 1 at the ¢+ 1-th
place. Note that §, ; is the list of coefficients of B, ;(c,d) in the Bernstein basis
of ¢,d. We will prove that the coefficients of B ;(c,d) in the Bernstein basis
of ¢, e coincide with the result of de Casteljau’s Algorithm 2.9 performed with
input d, ;. The correctness of de Casteljau’s Algorithm 2.9 for ¢, e then follows
by linearity.

First notice that, since « = (d—e)/(d—c¢) and = (e—c¢)/(d—¢),

d—X X—c e—X
= —+

d—c e—c e—c’
X—c_ X—c
d—c  Te—c’

Thus

d—X p_iip_i p—1i ok X—c\" fe—x\P"F
d—c - ‘ e—c e—c ’
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Since

Finally,

p .
Bptecd) = 3 (7)o 5B

j=i
On the other hand, we prove by induction on p that de Casteljau’s Algorithm
with input d,; outputs the list J;, ; starting with i zeros and with (j + 1)-th
element (g)aj_iﬁi for j=14,...,p.

The result is clear for p = ¢ = 0. If de Casteljau’s Algorithm applied to

dp—1,i—1 outputs 6, ; , , the equality

(])QJ—ZBZ _ OZ(]1>O(]_l_162+6(J1>04J_151_1
1 1 1—1

proves by induction on j that the algorithm applied to d,; outputs 5;71». So the
coefficients of By, ;(c, d) in the Bernstein basis of ¢, e coincide with the output of
the algorithm with input 6, ;. O

de Casteljau’ Algorithm works both ways.

COROLLARY 2.11. Letb, b/ andb” be the lists of coefficients of P in the Bernstein
basis of (¢,d), (c,e) and (e, d) respectively.

(i) De Casteljau’s Algorithm applied to b with weights o = (d—e)/(d—¢) and
B=(e—c)/(d—c) outputs b’ and b".

(ii) De Casteljau’s Algorithm applied to b’ with weights o« = (e—d)/(e—c) and
B=(d—c)/(e—c) outputs b and b".

(iil) De Casteljau’s Algorithm applied to b" with weights a = (d—c¢)/(d—e) and
8= (c—e)/(d—e) outputs b’ and b.

De Casteljau’s Algorithm gives a geometric construction of the control polygon
of P on [c,e] and on [e,d] from the control polygon of P on [c¢,d]. The points
of the new control polygons are constructed by taking iterated barycenters with
weights « and S.

ExAMPLE 2.12. Continuing Example 2.7, de Casteljau’s Algorithm gives
4 —6 7 10

7
-1 i

PN
—
|5 ol
N[
-
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Figure 3. Control line of P on [0, 1].

We construct the control line of P on [0, 3] from the control line of P on [0, 1]
as explained in Figure 3.
We then draw the graph of P on [0, 1] and the control line on [0, 1] in Figure 4.

3. Real Root Isolation in the Bernstein Basis

Let P be a polynomial of degree p in R[X]. We are going to explain how
to characterize the roots of P in R, performing exact computations. The roots
of P in R will be described by intervals with rational end points. Our method
will be based on Descartes’ law of signs (Theorem 1.1) and the properties of the
Bernstein basis studied in the preceding section.

PROPOSITION 3.1. Let b, b/ and V" be the lists of coefficients of P in the Bern-
stein basis of ¢, d; c,e; and e, d. If c < e < d,then

V() + V(") < V(b).
Moreover if P(e) # 0, V(b) =V (b') =V (V") is even.

PRrOOF. The proof of the proposition is based on the following easy observations:

Figure 4. Graph of P on [0,1] and control line on [0, ].
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(i) Inserting in a list @ = ag,...,a, a value x in [a;, a;41] if a;41 > a; (resp. in
[@it1,a;] if a;41 < a;) between a; and a;y1 does not modify the number of
sign variations.

(ii) Removing from a list a = ay, ..., a, with first nonzero ay, k > 0, and last
nonzero ag, k < £ < n, an element a;, i # k,i #* £ decreases the number of
sign variation by an even (possibly zero) natural number.

Indeed the lists b) defined from the values bg»i) (see de Casteljau’s algorithm),
as follows:

0
b = o)
0 1 1
b =087, 65, b )
b =0 by b )
b= = b b O
B = b5 e B, b

are successively obtained by inserting intermediate values and removing elements

that are not end points, since when ¢ < e < d, b;i) is between bgi_l) and b;l:ll),

fori=1,...,p,j =0,...,p—i—1. Thus V(b®) < V(b) and the difference is
even. Since

Wo=b o,

B =0 e DO,
V() +V©®") < V(OWP), and V(b)) + V(') < V(b). If P(e) # 0, it is clear that
V(@) = V(') +V(b"), since bP) = P(e) # 0. O

ExAMPLE 3.2. Continuing Example 2.12, we observe, denoting by b, b’ and b”,
the lists of coefficients of P in the Bernstein basis of 0,1, 0, %7 and %, 1, that
V(b) = 2. This is visible on Figure 1: the control line for [0,1] cuts twice the
X-axis. Similarly, V(b’) = 2. This is visible on Figure 4: the control line for
[0, 1] also cuts twice the X-axis. Similarly, it is easy to check that V(b") =

We cannot decide from this information whether P has two roots on (0,

no root on (0, ).

0.
1) or
Suppose that P € R[X] is a polynomial of degree p with all its real zeros in
(—2¢,2%) and is square-free. Consider natural numbers k and ¢ such that 0 <
¢ < 2F and define
_2£+k+622+1

ok
It is clear that, for k big enough, the polynomial P has at most one root in
(@e,k, Get1,) and has no other complex root in C(ac i, @et1,k)0UC (A ks Get1,k)1-

Qe k. =
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Let b(P, ¢, k) be the list of coefficients of P in the Bernstein basis of (ac i, Get1,k)-
Note that b(P,0,0), the list of coefficients of P in the Bernstein basis of (—2¢, 2¢),
can easily be computed from P, using Proposition 2.3.

Using Theorem 2.5, it is possible to decide, for k big enough, whether P
has exactly one root in (ac i, @c+1,%) or has no root on (¢, Get+1,5) by testing
whether V(b(P, ¢, k)) is zero or one.

ExaMPLE 3.3. Continuing Example 3.2, let us study the roots of P on (0, 1),
as a preparation to a more formal description of Algorithm 3.4 (B1 Real Root
Isolation).

The Bernstein coefficients of P for (0,1) are 4, —6,7,10. There may be roots
of P on (0,1) as there are sign variations in its Bernstein coefficients.

As seen in Example 3.2, a first application of de Casteljau’s Algorithm with
weights a = 0 = % gives

4 —6 7 10
SIS
_1 9
4 2
17
8

There may be roots of P on (0, %) as there are sign variations in the Bernstein

coefficients of P which are 32, —8,—2,17. There are no roots of P on (%, 1).
We apply once more de Casteljau’s Algorithm with weights %, %:

1 17
4 -1 —1 5
3 _s 15
2 8 16
i 5
16 32
19
64

There are no sign variations on the sides of the triangle so there are no roots of
P on (0,%) and on (%, 3).

An isolating list for P is a finite list L of rational points and disjoint open
intervals with rational end points of R such that each point or interval of L
contains exactly one root of P in R and every root of P in R belongs to an
element of L.

ALGORITHM 3.4 (B1 REAL ROOT ISOLATION).

INPUT: a square-free nonzero polynomial P € R[X], an interval (—2¢,2¢) con-
taining the roots of P in R, the list b(P,0,0) of the Bernstein coefficients of
P for (—2¢,2).

OUTPUT: a list L(P) isolating for P.

1. Initialization: Define Pos := {b(P,0,0)} and L(P) := &.

2. While Pos is nonempty:
e Remove b(P, ¢, k) from Pos.

o If V(b(P,c,k)) =1 then insert (ack, Get1,5) in L(P).
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o If V(b(P,c,k)) > 1 then

— Compute b(P,2¢,k+1) and b(P,2c+1,k+1) using de Casteljau’s Algo-
rithm with weights (4, 1) and insert them in Pos.
— If P(age+1,6+1) = 0 then insert asey1 x+1 in L(P).

3. Output L(P).
The hypotheses are not a real loss of generality since, given any polynomial @,
a square-free polynomial P having the same roots at () can be computed using

the ged of @ and @’ (see for example [Basu et al. 2003]).
Moreover, setting

Q =cpXP+.. .40y,
c=>Y |=

0<i<p

)

Cp

the absolute value of any root of @ in R is smaller than C(Q) [Mignotte and
Stefanescu 1999; Basu et al. 2003], so that it is easy, knowing @, to compute ¢
such that (—2¢,2¢) contains the roots of @ in R.

Since each subdivision yields after a scaling and a shift, new polynomials on
[0,1] for which the distance between the roots if doubled, by the two-circles
theorem, the maximal number A of the subdivisions is bounded by

h < [logy(2/s)],

where s is the minimal distance between the complex roots of ). Using classical
bounds on this minimal distance between the roots of a polynomial @ with
integer coefficients [Mignotte and Stefinescu 1999; Basu et al. 2003], one can
prove that

h < (p—1)logy [|Ql|2 + 5(p+2)logyp + 1

(where [|@Q]|2 is the 2-norm of the coefficient vector of @) and that the binary
complexity of computing the square-free part P of @, computing ¢ such that
(—2¢,2%) contains the roots of @ in R, and performing Algorithm 3.4 (B1 Real
Root Isolation) for P, is O(p®(T + log, p)?), where p is a bound on the degree
of @ and 7 a bound on the bitsize of the coefficients of @ [Basu et al. 2003].
The coefficients of the elements of the b(P,c, k) computed in the algorithm are
rational numbers of bitsize O(p?(7+log, p)) [Basu et al. 2003]. Since there are at
most 2p values of b(P, ¢, k) in Pos throughout the computation, and there are p+1
coefficients in each b(P, ¢, k), the workspace of the algorithm is O(p*(7+1log, p)).

An improved version of Algorithm 3.4 (B1 Real Root Isolation) is based on
the following idea, inspired from [Rouillier and Zimmermann 2004]: since every
b(P, c, k) computed in the algorithm carries the whole information about P, it is
not necessary to store the value of b(P, ¢, k) at all the nodes, and the workspace
of the algorithm can be improved.
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It will be necessary to convert the Bernstein coeflicients of P on an interval
(@d,m»Ad+1,m) into the Bernstein coefficients of P on an interval (ac i, Get1.k)-

ALGORITHM 3.5 (CONVERT).
INPUT: (¢, k), (d,m), and b(P, d, m), Bernstein coefficients of P on (ad,m; Gd+1,m)-
OuTPUT: the Bernstein coefficients b(P, ¢, k) of P on (¢ k, Get1,k)-
1. Initialize b := b(P,d, m).
2. Let ¢ = co+- - 4cp_12" 14,20+ - 4128V and d = do+- - -+dp_12" 1+
dp2" -+ dpy_12m7 Y with ¢; € {0,1}, ¢, # dy, ¢; = d; for every i < n.
3. Fortinm-—1,...,n:
e If d; = 0 then apply de Casteljau’s Algorithm to b, weights (—1,2) and
output v’,b”. Update b := 1.
e If d; = 1 then apply de Casteljau’s Algorithm to b with weights (2, —1) and
output v',0”. Update b :=10b".
4. Foriinn,..., k—1:
e If ¢; = 0 then apply de Casteljau’s Algorithm to b with weights (3, 1) and
output o',b”. Update b :=b'.
e If ¢; = 1 then apply de Casteljau’s Algorithm to b with weights (%,
output &’,b”. Update b :=b".

5. Output b.

) and

N[

The correctness of this algorithm clearly follows from that of de Casteljau’s
Algorithm.
It is now easy to describe the improved real root isolation method.

ALCORITHM 3.6 (B2 REAL ROOT ISOLATION).
INPUT: a square-free nonzero polynomial P € R[X], an interval (—2¢ 2¢) con-
taining the roots of P in R, the list b(P,0,0) of the Bernstein coefficients of
P for (—2¢,2°).
OUTPUT: a list L(P) isolating for P.
1. Initialization: Set Pos:={(0,0)}, L(P) := &, d :=0, m := 0.
2. While Pos is nonempty:
e Remove the first element (¢, k) of Pos.
e Compute b(P, ¢, k) from b(P,d, m) using Algorithm 3.5 (Convert).
o If V(b(P,c,k)) =1 then insert (ack, Get1,) in L(P).
o If V(b(P,c,k)) > 1 then:
— Insert (2¢,k+1),(2¢+1,k+1) at the beginning of Pos.
— If P(age+1,k+1) = O then insert age41 x+1 in L(P).
e Updated :=c¢, m:=k.
3. Output L(P).
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The next lemma is the key result for analyzing the complexity of this algorithm.
(Note that the set of (¢, k) such that b(P, ¢, k) is computed in Algorithm 3.4 (B1
Real Root Isolation) is naturally equipped with a binary tree structure, denoted
by T: (d,m) is a child of (¢, k) if d =2c or d =2¢+1,and m = k+1.)

LEMMA 3.7. In Algorithm 3.6 (B2 Real Root Isolation), the leaves of T are
visited once, the nodes of T with one child are visited twice and the nodes of T
with two children are visited three times

PROOF. Easy by induction on the depth of T, noting that if (¢, k) and (d,m)
are nodes of T, ac < aq,m if and only if every visit of (¢, k) takes place before
(d,m) is visited. O

The binary complexity of Algorithm 3.6 (B2 Real Root Isolation) for P, is
O(p8(7 + log, p)?), similarly to Algorithm 3.4 (B1 Real Root Isolation), since
every node in the tree T' is visited at most three times in by Lemma 3.7. However
Algorithm 3.6 (B2 Real Root Isolation) uses only O(p?( + log, p)) workspace,
since only one vector of Bernstein coefficients is stored throughout the compu-
tation, rather than O(p*(7+log, p)) workspace in Algorithm 3.4 (B1 Real Root
Isolation).

We can also perform the computation using interval arithmetic. The basic
idea of interval arithmetic is that real numbers are represented by intervals with
rational bounds encoded as floating point numbers with a fixed precision. The
advantages of interval arithmetic is that it is much quicker than exact arithmetic,
and it allows us to compute with polynomials known approximately.

The interval arithmetic we consider is indexed by two natural numbers u, n,
defining the precision. The u, n-intervals are of the form [4r, ZJ—J], with ¢ and j
being integers between —2% and 2%, ¢ < j, and I and J being integers between
—2™ and 2". A consistent interval arithmetic is compatible with the arithmetic
operations: if a and ( are two real numbers represented respectively by two
intervals A and B, the result A® B of any arithmetic operation ® will contain
the real number a® 3. In the next paragraph, we assume working with a multi-
precision interval arithmetic such as in [Revol and Rouillier 2002] (where u can
be arbitrary fixed by the user). In order to perform Algorithm 3.6 (B2 Real
Root Isolation) in this arithmetic, we only need to double an interval, subtract
two intervals and compute the average of two intervals.

The sign of an interval [a, b], where a < b, is defined as follows:

0 ifa=b=0,
. if a >0,
sienla.ll =19 1 iy <o,
ifa<0<b,a#0,b#0.
The number of sign variations in a list A = [ag, bo], ..., [ap, bp] of intervals with

rational end points is defined as follows:
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o If signfa;,b;] # 7 foralli=0,...,p, set
V([ag, bol, . - ., [ap, bp]) = V(sign[ao, bo], - . ., sign[ay,, by)).

o If, for every i = 1,...,p such that sign[a;,b;] = ?, both sign[a;_1,b;—1] and
sign[a;;1,b;4+1] are defined and moreover sign|a;_1,b;—1]sign[a; 1, bi+1] < 0,
then set

V(A) =V(B),

where B is obtained by removing from A all the [a;, b;] such that sign[a;, b;] ="7.
o Otherwise set V(A) = 7.

ExampLE 3.8. If A=1,2],[-2,-1], V(4) =1. If A=[1,2],[-1,1], V(4) = 7.
IfA=1[1,2],[-1,1],[-2,-1], V(4) = 1.

ALCGORITHM 3.9 (B3 REAL ROOT ISOLATION).

INPUT: an integer ¢, a precision u,n, a list b(0,0) with p+1 elements which are
u, n-intervals, and whose first and last element do not contain 0.

OutpuT: alist L and a list N of intervals such that for every polynomial P such
that (—2¢,2¢) contains the roots of P in R, and whose Bernstein coefficients
for (—2¢,2°) belong to b(0,0), there exists one and only one root of P in each
interval of L and all the other roots of P in (—2¢,2¢), belong to an interval
of N.

1. Initialization: Compute V(b(0,0)), using Proposition 2.3 and u, n-arithmetic
define Pos := {(0,0)}, L:= @, N :=2,d :=0, m :=0.

2. While Pos is nonempty:
e Remove the first element (c, k) of Pos.

e Compute b(c, k) from b(d, m) by Algorithm 3.5 (Convert), using u, n-arith-
metic.

If V(b(c,k)) = 1 then insert (aex,act1,) in L.

If V(b(c,k)) > 1 then insert (2c, k+1), (2c+1, k+1) at the beginning of Pos.
If V(b(c,k)) = ? then insert (ae,acy1) in N.

Update d := ¢, m := k.

3. Output L, N.

Interval arithmetic can be used as well when the polynomial P is known exactly.
In this case we can compute the square-free part of P and it is easy to design a
variant of Algorithm 3.9 and output a list of isolating intervals by augmenting
precision, examining again the intervals where no decision has been taken yet.

ALCORITHM 3.10 (B4 REAL ROOT ISOLATION).

INPUT: a square-free P € R[X], and the list b(P,0,0) of Bernstein coefficients
of P for (—2¢,2%), where (—2¢,2°) contains the roots of P in R.

OUTPUT: a list L(P) isolating for P.
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1. Initialization: u such that the elements of b(P,0,0) belong to (—2%,2%), n :=
1. Compute V(b(P,0,0)), define Pos := {(0,0)}, L(P) := &, N(P) = &,
d:=0,m:=0.

2. While Pos is nonempty:

e Remove the first element (¢, k) of Pos.

Compute b(P, ¢, k) from b(P,d,m) by Algorithm 3.5 (Convert) using u, n-

arithmetic.

If V(b(P, ¢, k)) = 1 then insert (ac,acet1,%) in L(P).

If V(b(P,c,k)) > 1 then:

— Insert (2¢,k+1),(2¢+1,k+1) at the beginning of Pos.

— If P(aget1,k+1) = 0 then insert aget1 k11 to L(P).

If V(b(P, ¢, k)) = 7 then insert (ack,@c+1,k) in N(P).

Update d := ¢, m := k.

3. If N(P) # @ then update n :=n+1, Pos = N(P) and go to step 2.

4. Output L(P).

4. Real Root Isolation in the Monomial Basis

The preceding methods for real root isolation are adapted to polynomials given
in the Bernstein basis. However in many cases, the polynomials are given in the
monomial basis, and the conversion to the Bernstein basis is computationally
expensive. It is thus natural to look for real root isolation algorithms adapted
to the case where the polynomials are expressed in the monomial basis.

Such algorithms for real root isolation in the monomial basis are very classical,
and have been studied extensively, starting from [Uspensky 1948] (see [Rouillier
and Zimmermann 2004] for a bibliography). We prove here that their correctness
is an immediate consequence of the correctness of the corresponding algorithms
in the Bernstein basis.

Rather than looking at the Bernstein coefficients of the same polynomial P on
varying intervals, we are going to consider different polynomials closely related
to P on each interval. We need some notation. Suppose as before that P € R[X]
is a polynomial of degree p with all its real zeros in (—2¢,2¢) and is square-free,
consider natural numbers k and ¢ such that 0 < ¢ < 2% and define

_2€+k + C2€+1
2k

Qe k. =

We define
Pc,k = CQZ+1_k(T_ac,k(P))'

P, 1, is simply the result of the transformation operated on P when the segment
(Ge,k, Get1,k) 18 sent to (0,1) by a translation followed by a contraction.

The following lemma is the key result making the connection between the real
root isolation in the monomial basis and the Bernstein basis.
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LEMMA 4.1. Let Q1 = T_1 (Recp(Psi)). Then V(Qcr) = V(b(P, ¢, k)).
PrOOF. Immediate by Proposition 2.3. (]

The four algorithms of the preceding section have analogous versions in the
monomial basis [Rouillier and Zimmermann 2004]. We describe only the algo-
rithms corresponding to the conversion from one interval to another and the
improved root isolation algorithm.

ALGORITHM 4.2 (M1 CHANGE INTERVAL).

INPUT: (c, k), (d,m) and the polynomial Py ,,.

OUTPUT: the polynomial P, .

1. Let ¢ = cog+ - -4pn_12" 14, 2"+ - +ep_128 T and d = do+- - -+d,, 12" 1+
dp 2"+ -+ dpy 2™ with ¢; € {0,1}, ¢, # dp, ¢; = d; for every i < n. and
R := Pd,m'

2. For ¢ from m—1 to n:
o If d; =0, then R := Cy(R).
o If di = 1, then R := CQ(Tfl(R))

3. For i from n to k—1:
o If ¢; = 0, then R := Cy/3(R).
o If ¢; = 1, then R := Cy/5(T_/2(R)).

4. Output R.

The correctness of the algorithm follows clearly from the definition of P, j.

It is now easy to describe the improved real root isolation method in the
monomial basis.

ALGORITHM 4.3 (M2 REAL ROOT ISOLATION).

INPUT: a square-free nonzero polynomial P € R[X], and an interval (—2¢,2¢)
containing the roots of P in R.

OuTPUT: a list L(P) isolating for P.

1. Initialization: Define Pos := {(0,0)}, L(P) := &, d:= 0, m := 0.
2. While Pos is nonempty:
e Remove the first element (c, k) of Pos.

e Compute P, from P;,, using Algorithm 3.5 (Change Interval). Take
Qc,k = T_1 (Recp(Pch)) .

o If V(Q. ) =1, then insert (ac i, act1.x) in L(P).
o If V(Qcx) > 1 then:
— Insert (2¢,k+1),(2¢+1,k+1) at the beginning of Pos.
— If P(age+1,k+1) = O then insert age41 x+1 in L(P).
e Update d:=c¢, m:=k.
3. Output L(P).
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The correctness of Algorithm 4.3 follows from the correctness of Algorithm 3.6
and Lemma 4.1.

The complexity analysis of the real root isolation method in the monomial
basis and in the Bernstein basis are quite similar.

5. Efficiency of the Methods

The experimental behavior of Algorithms 4.3 [M2 Real Root Isolation in
monomial basis], more precisely of its interval arithmetic variants is excellent,
and real root isolation can be performed by this method for polynomials of degree
several thousands and with coefficients of bit size several hundred (see [Rouillier
and Zimmermann 2004] for details on these experimental results).

The experimental behavior in the case of the Bernstein basis has not been
studied fully yet, but the first experiments indicate that the algorithms presented
here are as efficient as the corresponding ones in the monomial basis, if the
polynomial is initially given in the Bernstein basis.

Implementations of these algorithms are available in the libraries RS (see
http: //fgbrs.lip6.fr/salsa/Software/) and SYNAPS (see http://www-sop.inria.fr/
galaad /software/synaps/).
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