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AVERAGE-CASE OPTIMALITY
OF A HYBRID SECANT-BISECTION METHOD

ERICH NOVAK, KLAUS RITTER, AND HENRYK WOZNIAKOWSKI

ABSTRACT. We present an average-case complexity analysis for the zerofind-
ing problem for functions from C7([0, 1]), r > 2, which change sign at the
endpoints. This class of functions is equipped with a conditional r-folded
Wiener measure. We prove that the average-case complexity of computing an
g-approximation is of order loglog(1/¢), and that a hybrid secant-bisection
method with a suitable adaptive stopping rule is almost optimal. This method
uses only function evaluations.

We stress that the adaptive stopping rule is crucial. If one uses a nonadaptive
stopping rule, then the cost has to be of order log(1/¢). Hence, the adaptive
stopping rule is exponentially more powerful than arbitrary nonadaptive stop-
ping rules.

Our algorithm is a slightly simplified version of the hyrbrid methods pro-
posed by Dekker in 1969 and Bus and Dekker in 1975. These algorithms are
still considered as “the best algorithms for zerofinding” by Kahaner, Moler, and
Nash in their book on numerical methods.

1. INTRODUCTION

Zerofinding is a classical problem of numerical analysis. Most of the results
have been obtained for the asymptotic setting in which the order of convergence
and the efficiency index are studied for methods consisting of an infinite number
of steps. Convergence is usually guaranteed by assuming that a good initial
approximation to a root is given, see Traub [13], Ortega and Rheinboldt [8],
and Ostrowski [9].

In contrast to the asymptotic setting, (global) error bounds which hold after
a fixed number of steps are studied in the worst-case setting. Usually this is
done without assuming a good initial approximation. Instead, error bounds are
derived for some classes of functions F . The class F is chosen in such a way
that the error bounds tend to zero as the number of steps goes to infinity.

The complexity of zerofinding in the worst-case setting is understood as the
minimal worst-case cost of computing an approximation with error at most ¢
for any function from the class F . A survey of worst-case complexity results
can be found in Sikorski [12]. In particular, for a number of classes F, it is
known that the bisection method is optimal and the worst-case complexity is of

Received by the editor December 17, 1993.

1991 Mathematics Subject Classification. Primary 65H05, 68Q25.

Key words and phrases. Zerofinding, hybrid secant-bisection method, hybrid Newton-bisection
method, average-case complexity.

©1995 American Mathematical Society

1517



1518 ERICH NOVAK, KLAUS RITTER, AND HENRYK WOZNIAKOWSKI

order log(1/e). This holds, for instance, for the.class

F={feC (0, 1]): f(0)- f(1) <0},

and even for the subclass of C>-functions having only simple zeros. One
may hope, however, that other methods, such as modifications of the secant or
Newton method, should be significantly better than bisection “on the average”.
A survey of average-case results may be found in Novak and Ritter [7].

In this paper we prove that, indeed, a proper modification of the secant
method is not only much better than bisection, but that it is almost optimal
on the average. We deal with the average-case setting in which the error and
cost are defined on the average with respect to a probability measure on the
class F with r > 2 and with fixed boundary conditions at the endpoints. The
assumption r > 2 is needed since we use an error formula for the secant method
which depends on the behavior of the second derivatives. The case r < 2 is
open.

As the probability measure we choose a conditional r-folded Wiener measure.
This measure is obtained from the classical Wiener measure by r-fold integra-
tion of the paths and translation by suitable polynomials to fit the boundary
conditions. For such a measure, the set of functions with only simple roots has
full measure. However, we still have many “ill-conditioned” functions in F
since the probability of

{rep W= )

" Miny.ep-1(0) L1 (X*)]

is strictly positive for arbitrarily large «. For our analysis it is crucial to estab-
lish upper bounds for this probability.

We study methods which use function or derivative evaluations at sequen-
tially chosen knots, the number of which is determined by a stopping rule. The
stopping rule is nonadaptive if the number of knots is the same for all func-
tions, and it is adaptive otherwise. The goal of the method is to compute an
approximation x to a root of f € F with error at most &¢. Here the error is
understood either in the root or in the residual sense. The root sense means
that we take the distance between x and the nearest root of the function f,
whereas the residual sense means that we take |f(x)].

As is often done in numerical analysis, we do not use Turing machines or a bit
model, but prefer to work with a real-number model having infinite precision.
The average cost of a method is defined as the average number of function and
derivative evaluations plus arithmetic operations and comparisons used by the
method. Thus, the average cost is at least proportional to the average number
of knots at which function or derivative evaluations are computed. As we shall
see, for the hybrid methods presented in the paper the average cost is indeed
proportional to the average number of knots. The complexity of zerofinding in
the average-case setting is understood as the minimal average cost of computing
an approximation with average error at most ¢.

We prove that the average-case complexity is of order loglog(l/¢) and a
hybrid secant-bisection method with a suitable adaptive stopping rule is almost
optimal. The same optimality result also holds for a hybrid Newton-bisection
method.
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We stress that adaptive stopping rules do not play a role in the asymptotic
or worst-case setting. In the average-case setting, they are also not important
for many linear problems, see Wasilkowski [14]. For zerofinding, which is a
nonlinear problem, adaptive stopping rules are very important. It is known,
see Ritter [10], that any method with an average error at most ¢ needs at least
about log(1/e) evaluations for some functions f from F. That means that
methods with nonadaptive stopping rules must use about log(1/e) evaluations.
To achieve the cost of order loglog(1/¢), optimal methods must use adaptive
stopping rules. It is well known by practitioners that methods which usually
work fast do sometimes fail or yield comparatively large errors for some hard
functions f. This is indeed confirmed by the average case analysis. This
also proves that adaptive stopping rules are exponentially more powerful than
nonadaptive ones.

The adaptive stopping rules of the hybrid secant-bisection and Newton-
bisection method are very simple. We just check whether the function value
or the length of the interval which contains a zero is comparable to ¢. These
adaptive stopping rules have one additional property. Namely, they guarantee
that the error is at most ¢ for every function f € F. This means that opti-
mality of the hybrid methods is preserved even if the error is defined in the
worst-case sense and with the cost defined in the average-case sense.

2. PROBLEM FORMULATION AND MAIN RESULTS

We study zerofinding for a class F of functions f: [0, 1] — R which de-
pends on certain parameters. We denote the smoothness of functions f by r
and assume that r > 2. We need to fix boundary values of f and its derivatives
in order to equip F with a proper variant of the Wiener measure. We denote
these boundary values by a@; and b;, and define

(21) F={fecC(0,1): f90)=a;, fO(1)=b;fori=0,1,...,r}.

To guarantee that f has a root, it is enough to assume that f(0).f(1) <O,
i.e., ag- by < 0. To exclude the trivial case, we assume that

f(0)=ay<0 and f(1)=by>0.
Let the space C’([0, 1]) be equipped with the norm

11l = max{[lflloos - » I/ Plleo},

where |||l denotes the supremum norm, and consider the Borel o-algebra on
the closed subspace F of C’([0, 1]). The average-case setting is defined with
respect to a Gaussian measure P on F. This measure P, which is called a
conditional r-folded Wiener measure, is constructed from the classical Wiener
measure in the following way. By r-fold integration of the Brownian paths we
get a Gaussian measure, called an r-folded Wiener measure, on the class of
functions g € C’([0, 1]) with g(0) = --- = g{7(0) = 0. Let p(g) denote the
polynomial of degree at most 2r + 1 such that g — p(g) € F, i.e,, g — p(g)
satisfies the respective boundary conditions. By the translation g — g — p(g)
of the r-fold integrated Brownian paths we obtain the conditional r-folded
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Wiener measure P on F . Basic properties of P, plots of P-random functions
as well as references to applications of r-folded Wiener measures to problems
of numerical analysis are given in Novak and Ritter [7].

We now describe zerofinding methods. As usual in numerical analysis, an
approximation to a root of f is obtained by computing function and possibly
derivative values of f at sequentially chosen knots xi, ..., x,(n. The total
number v(f) of knots is determined by a stopping rule. The stopping rule is
called nonadaptive if v(f) takes the same value for all f € F ; otherwise the
stopping rule is called adaptive. For simplicity, we assume that at all knots Xx;
we compute the Hermite information of order k <r,

flxd=(f(xi)s e fB(x)).

Here, k is fixed for a particular zerofinding method. The sequential computa-
tion of the Hermite information starts at a knot

X1 € [0’ 1]’

and the selection of the remaining knots may depend on the previously com-
puted data. This is formally described by mappings

wf o REEDEED 70 1], P> 2.
In the ith step the knot
xi = yF(fxl, ..., flxiz1))

is selected and f[x;] is computed. Thus, the information

(2.2) NE(O) = (fTxil, ..., fIx])

is known at the ith step. A decision to stop or to compute additional informa-
tion is made after each step. This is formally described by mappings

xFRUGED S 00,1y, i1
The total number of knots which is used for the function f is given by
v(f) =min{i € N: x{(Nf(f)) = 1}.

Obviously, only the case v(f) < oo for all f € F is of practical interest,
although in the average-case setting, we may have v(f) = co for f belonging
to a set of measure zero. After v = v(f) knots have been computed, the
approximation

Sp(f) = LN ()

to a root of f is constructed, where
pfRUEHD S0, 1], i1,

Summarizing, a zerofinding method S¥ is formally given by a starting point
x1, and by the mappings y*, x*, and ¢¥. For simplicity, we assume that
these mappings are defined over the whole space.
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For lower bounds we want to allow very general methods. The only restriction
on the mappings ¥, x¥, and ¢* is Borel measurability. For upper bounds we
present relatively simple methods and prove their optimality.

The error of a zerofinding method S¥ for a function f € F is defined either
in the root sense

A°(SE, f) =inf{|SE(f) — x*| : x* € £71(0)}
or in the residual sense
A™(SE, ) =11 (SK())I.

We simply write A in the statements which hold for A™ and A™.

In §3 we analyze a hybrid secant-bisection method. This method combines
bisection and secant steps in a suitable way, and its computational cost is pro-
portional to v(f). In particular, we prove the following theorem.

Theorem A. There exists a constant o, depending only on the regularity r > 2
and the boundary values a; and b;, with the following property. For any & €
(0, 1/2), there exists a hybrid secant-bisection method SO with worst-case error

supA(S?, ) <e
fEF

whose average number of knots satisfies

/ v(f)dP(f) < 1/log((1 +V5)/2) - loglog(1/¢) +
F

In §4 we prove that this hybrid method is almost optimal, even if we do not
require the error bound for all f € F but only on the average.

Theorem B. Let B > r + 1/2. There exists a constant y, depending only on
B, the regularity r > 2 and the boundary values a; and b;, with the following
property. For any ¢ € (0, 1/2) and any zerofinding method S!, with average
error

/A , 1) dP(f) <

the average number of its knots satisfies

/FV(f)dP(f) > 1/log B - loglog(1/e) + 7.

As already mentioned, the use of the average number of knots is critical here.
For any method S/ with average error at most ¢, the essential supremum of
v with respect to P is of order log(l/¢), see Ritter [10].

3. HYBRID METHODS AND PROOF OF THE UPPER BOUNDS

We first describe some ideas which will allow us to find a hybrid method that
is almost optimal in the average-case setting.

To explain these ideas, we restrict ourselves for a moment to the error in the
residual sense and consider a hybrid Newton-bisection method. This method
consists of Newton and bisection steps performed alternatively. If the New-
ton step cannot be performed, or if it gives an approximation outside the last
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interval which contains a zero, we replace this Newton step by the bisection
step.

More precisely, the hybrid method is defined as follows. Let [so, to] = [0, 1].
Assume inductively that s;_; and ¢;_;, with s;_; < t;_1, as well as the values
of f and f’ at these knots have been already computed. We now define x;, s;,
and ¢;. Assume that i is odd, and take p € {s;_, ¢;—1} with

|f(p)| = min{| f(s;i—1)|, |f(ti=1)}-

If g=p-f(p)/f'(p) is well defined and satisfies g € (s;—;, ti—1), then perform
the Newton step x; = g¢. Otherwise, and for any even i, perform a bisection
step x; = (si—1 + ¢;—1)/2 . For arbitrary i, the new subinterval [s;, ¢;] is given
by [si, &;] = [si-1, xi] if f(x;) > 0 and by [s;, ;] = [x;, t;-1] if f(x:) <O.
The stopping rule is simple. We stop if |f(x;)| < €, and the output is X;.
Clearly, this stopping rule is adaptive. It is well known that the error of the
Newton method depends on the ratio between ||f”||.c and the minimum of
|f'(x*)| over the roots x* of f. For u >0, let

. { feF: "k - u} _

" ming.er-1() | f(

Obviously, for large ¥ we may need to perform many bisection steps to guaran-
tee good properties of the Newton steps. It turns out that there exists an index
i = i(u) such that the points Xx;, X;;2, Xit4, ... are computed by the Newton
method and are not affected by the intermediate bisection steps, i.e.,

Xiva(j+1) = Xiv2j — f(Xiw2j) [ [ (Xiv2)) » j=0,1,....

The index i(u) can be estimated by using a well-known result of Kantorovich
[5]. Obviously, i(¥) — 400 as u — +oo. It turns out that the total number
of evaluations needed for an e-residual error is of order loglog(l/e) + i(u).
We stress that it is not possible to determine such an index i(x) during the
computation. '

To estimate the average number of evaluations, it is necessary to estimate the
average value of i(ux). This can be done by estimating the probability of the
set F(u). For the conditional r-folded Wiener measure P, see §2, with r > 2
we have

P(F(u))>1—c(logu)'?/u Yu>2,

with a positive constant ¢. (This follows from Lemmas 3.1 and 3.2 which will
be proven later.) ‘

From this estimate of P(F(u)), it can be shown that the average num-
ber of evaluations of the hybrid Newton-bisection method to compute an e-
approximation in the residual sense is of order loglog(1/¢). From Theorem B
we conclude that this method is almost optimal.

We do not present a proof of this result (though this was the starting point
of our paper) because we are able to analyze an improved hybrid method which
takes care of some drawbacks of the presented hybrid Newton-bisection method.
We list these drawbacks.

(a) We want to avoid the computation of the derivative and therefore want
to replace the Newton steps by suitable secant steps.
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(b) The number of bisection steps is too large. It seems reasonable to require
that bisection steps are performed only at the beginning. That is, for each
function there exists an index k such that bisection steps are not performed
after k steps.

(c) For the root criterion, we want to guarantee that the error is small. Hence
it is not enough to find a function value which is small—instead we really
need two function values f(x;) and f(x;) such that f(x;)-f(x;) < 0 and
|xi—x;| < 2e. See Alefeld, Potra, Shi [1] for a study of this error criterion in the
asymptotic setting. The Newton method—as well as many other methods—does
not have this property, even if the function f is very smooth. To achieve a small
guaranteed error in the root sense by the Newton method, it seems necessary
to compute the function values at some extra “auxiliary” knots. Although this
preserves the optimal order loglog(1/¢), the multiplicative constant is larger.

We now describe and analyze a hybrid method which uses the ideas presented
above and is free of the drawbacks (a), (b) and (c).

Our method uses only function values, that is, the parameter k of §2 is
now zero. The method is well defined on each class F of (2.1), even with
regularity » = 0 or 1, although the analysis requires that r > 2. The method is
easy to describe and also can easily be implemented on a computer. Moreover,
an average-case analysis of this method uses well-known facts about the secant
method.

The method is a hybrid secant-bisection method which consists of a combi-
nation of secant and bisection steps. The method computes points x; € [0, 1]
at which f is evaluated, and subintervals [s;, ¢;] C [0, 1]. One always has
xi€{si, t;} {0, 1, x1,...,x;} and f(s;) <0 < f(¢;) with strict inequalities
if s; < t;. Moreover, x; € [s;-1, t;—1] and [s;, ;] C [Si=1, ti-1].

We give a formal definition of the method in a pseudocode together with
some comments. The method depends on the error criterion and on the re-
quired accuracy & > 0 via its adaptive stopping rule DONE; and its output
APPROX;. These are very simple and given by

DONE, := ((t; — s5;) <2¢) and APPROX; :=(s;+¢;)/2
if we consider the error in the root sense, and by
DONE,; := (| f(x;)] <&¢) and APPROX; :=x;

if we consider the error in the residual sense.
For the secant step, we compute

SEC(x, y) 1= { zn; é;cn; ;)/(f (x) = S)- f(x) ;ft ;;(21:: f),
with x, y € [0, 1], and for the bisection step, we compute

BIS; := (si—1 + ti=1)/2.
In each step, a new subinterval

[si-1, %] if f(x;) >0,
SUB; := ¢ [xi, ti-1] if f(x;) <0,
[x;, x;]  otherwise
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is constructed. The hybrid secant-bisection method is defined as follows:

i:=0;

if —ag < by then xp := 0 else xp := 1 fi;
[so, t0]:=10, 1];

while not DONE; do

forj:=1,2do

i:=i+1;

x; == SEC(si-1, ti-1);

[si, t;]1:= SUB;;

if DONE,; then return APPROX; fi;
od;
repeat

q = SEC(x;, Xi-1);
if ¢ = undefined or g ¢ (s;, ¢;) then break fi;

ii=i+1;
Xii=4;
[si, t;] := SUB;;

if DONE; then return APPROX; fi;
until ¢; — §; > (t;i-3 — $i-3)/2;

i=i+1;

x; := BIS;;

[si, t;] :== SUB;;
od;

return APPROX;;

Here “break” causes the method to leave the repeat-until loop. An evaluation
of f only occurs when SUB; is computed. The function values which are used
in SEC are already known at that time. Each evaluation is preceded by a check of
the stopping rule. Disregarding the stopping rule, the method works as follows.
At the beginning and after each bisection step we perform two steps of the regula
falsi starting from the endpoints of the respective subinterval [s;—;, t;—;]. Then
we perform secant steps as long as they are well defined, lead into the current
subinterval, and reduce the length of the subinterval by a factor at least 1/2 in
every three steps. A bisection step is made if one of these conditions is violated.

Note that this hybrid method could also be defined in terms of the mappings
w?, x?, and 49, see §2. Clearly, x?, and therefore also v, depend on the
accuracy ¢ and the error criterion. Without loss of generality we may assume
that ¢ < min{1/2, —ay, by}, which guarantees that f has to be evaluated at
least once. Given ¢ and the error criterion, we denote the resulting hybrid
secant-bisection method by S9.

Since we halve the length of the subinterval [s;, ¢;] at least in every fourth
step, the hybrid method terminates for any f € F . In case of the root criterion
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we have

supy(f) < 4-[1/log2- log(1/e)],

JEF
while the number of steps is no longer uniformly bounded over any class F in
case of the residual criterion. However v(f) = O(log(1/¢)) for any f € F.
Clearly, the error of the hybrid method is at most & for both error criteria and
every feF.

We show that the average value of v(f) is of order loglog(1/¢). The proof
relies on a worst-case analysis for subsets F; C F, the subsets F; will be defined
later, with the following properties:

(1) the probability of Fj is large, P(Fs)>1-4,

(ii) the number of bisection steps of the method S? is bounded by clog(1/6)
for each f € F;. The constant ¢ does not depend on the accuracy ¢ oron ¢ .

(iii) the number of secant steps is also small for f € Fy; it is bounded by

1/1og((1 + V/5)/2) - loglog(1/¢) + c - log(1/6)

with the same constant c.

To prove this, we need a number of properties of the conditional r-folded
Wiener measure P which is defined on the class F, see §2. The constants ¢;
and d; which will appear in our analysis will depend only on the regularity
parameter r and the boundary values a;, b;, see (2.1).

Owing to the construction of P, its mean p is the polynomial of minimal
degree that interpolates the boundary values. The covariance kernel K of P is
of the form

Ps—w)h-(t—uw)
(3.1) K(s, ) = /0 o
for s,¢ € [0, 1], where L is a polynomial of degree at most r + 1 in each
variable, see Sacks and Ylvisaker [11, p. 2060].

tdu+ L(s,t)

Lemma 3.1. There exist constants ¢, > 1 and ¢; > 0 such that
n _ n t
P ({fe F: :Selfg ulf—I(SS)——tlw > u}) <ci-exp(—cy-u?) VYu>0.
s, s

Here 0/0=0.

Proof. Tt is well known that for any exponent 0 < d < 1/2, with probability
one the Brownian paths are Holder continuous with exponent d . Let B denote
the Banach space of continuous functions on [0, 1] with Holder exponent 1/3.
The construction of P guarantees that f” € B for f € F with probability one.
Hence, the estimate follows from Ledoux and Talagrand [6, Lemma 3.1], who
give an upper bound for the Gaussian measure of a ball in a Banach space. O

Lemma 3.2. Let
q(t) =K(t,1)- K23, 1) - K&, 1)?,
see (3.1), and

Cc3 = sup ——1— exp (—ﬂ—>
3T oa moq(1)i72 2K(t, 1)) "
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Then ¢3 < oo and
P({feF: 1an(0 £ (x*) < u, || f' llev})SQ-u-v Yu,v >0.

Let
C4= SUPp —————5 * €Xp (___Il(ti)
47 o<t 2n-K(2, )12 2K(t, 1)) "

Then c4 < 0o and

P({feF 'Eif |f(x*)|<u})§c4-u Vu>0.

Proof. Consider the joint distribution of f(¢) and f"'(¢). Its covariance matrix
Q(#) and mean m(t) are given by

K(t,1) K®O@,1
Q(t) = <K(2’(0)(t,)t) K(Z’Z)Eta t;)

m(t) = (p(2), p" (1)
Note that ¢(¢) is the determinant of Q(¢). Since P has full support in F , we
have ¢(¢#) >0 for 0 < ¢ < 1. Clearly, ¢ is a polynomial, and therefore

.and

q(¢) > min{z, 1 — £}%
for a suitable d; € N. Moreover, there is a positive constant d, such that
At) <K@, )+ K®D(t,t) <dy- min{t, 1 -1},

where A(¢) is the larger eigenvalue of Q(¢).
For 0 <t < 1, the density function A(¢, -, -) of the joint distribution of
f(¢) and f"(t) is given by

T _ ~1 T
ht, ¢, n) = 5;,—1@)1—/5 exp(_«c,n) mo), 0O~ (&. m(t))))_

We claim that &, extended by
h(©, ¢, n) =h(1,{,n) =0
is continuous on the set
A =10, 1] x [-min{-ag, bo}/2, min{—ay, bo}/2] x R.

Since Q(t) and m(¢) depend continuously on ¢, the density 4 is con-
tinuous on (0, 1) x R%. If (4,¢;,m) € A tend to (0,{,n) € A, then
imyoo (85 M) — m(t)ll2 > | — aol > |aol/2 and

’ 1 |ao?
< s Cis i) < M oy T8ty T
0 = lll{goh(tl ’ gl > ’1!) ll'rg, 2n q(tl)l/z " €Xp ( Sl(tl) 0

Similarly, we conclude the continuity of 4 at (1,{,n) € 4.
Define

F = F: ¥ f "k n_ <
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and .
Ci=J{feF:1f"(k/i)l <u, |f(k/i)| <v/(2D)}.
k=1

Then continuity of f” and the inequality |f(x)| < v|x —x*| for f € F; yield

FlcUﬂCi,

j=li=j
which implies

P(F)) <liminf P(C;) < liminf(i — 1)-2u-v/i- sup sup suph(t,{,n)
i—00 i—00 0<e<1 [{|<v/(2i) |nl<u

<2uv- sup suph(t,0, 7).
O<t<1 n€R

For a fixed 0 < ¢ < 1, we directly compute

- 1 __p(t)? )
suph(t,0.1) = 3 o0 (37777 -
Since K(t, t) < A(¢) and since p(0) = ay and p(1) = by are nonzero, we obtain

limsup Az, 0, n) =limsuph(¢,0,7)=0
t—0 yeR =1 peR

and therefore
c3=2- sup suph(¢, 0, 1) < .

O<t<1 n€R
This completes the proof of the first estimate.
Define
F,=3feF: inf "(x*)] < }
s={reF: it 1rGe)<
and

i—1
D= J{f e F:|f(k/i) < u/(2D)}.
k=1

Arguing as in the first part of the proof, we find that

. 1 p(1)?
PUE) < lmint P00 % 0 et o (“a ) < ©
Remark 3.1. As a consequence of Lemma 3.2, the following properties hold
with probability one on F. A function f € F has only simple zeros, and
therefore the number of zeros of f is finite. A function f is strictly convex or
strictly concave in small neighborhoods of its zeros.

Now we define the sets Fs which will be considered in a worst-case analysis.
Let

" _
F(u,v,w)={feF: sup MS%
s,ee0,1  |s—tY

inf "(x*)|>v, inf "(x* >'w}.
Ldnf 1 2, dnf 1) 2

Define
Fts =F(u(5, Vs, U)§),
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where
us = (1/cy+ log(3c1/8))'?, s =6/(3ca), ws=0/(3cs-(la1| + |az| + us))
with the constants from Lemmas 3.1 and 3.2.
Lemma 3.3. If 0 <6 < 1, then

P(F5)>1-4.
Proof. Observe that
() = £

sup <u
s,eef0,1 s — '3

implies

(3.2) 1f leo < lar]| + |az| +u.

Therefore,

P(F(u,v,w))Zl—P({feF: sup w>u}>

s,ef0,1] s —t/3

- P e F: inf "(x*)] < })
({reF: int 1rel<o
—p({rers nt 110 <, 1f o larl+lanl+ )
x€f =1(0)
>1—cp-exp(—cy-u*) — ¢4 v —c3-w- (@] + |az| + )
by Lemmas 3.1 and 3.2, and P(F5) > 1—-9 follows. O

We are ready to analyze the behavior of the hybrid method S? on the sets
F;s as well as on the whole class F . We present a theorem whose part includes
Theorem A.

Theorem 3.1. There exist constants cs and o, depending only on the regularity
r > 2 and the boundary values a; and b;, with the following property. For
any ¢ € (0, min{1/2, —ag, bo}) and for any 0 < § < 1/2, the hybrid secant-
bisection method S0 satisfies

sup v(f) < 1/log((1 +V'5)/2) - loglog(1/e) + cs - log(1/8)
€F;

and

/ v(f)dP(f) < 1/108((1 + V3)/2)- loglog(1/e) + a.
F

Proof. Let f € Fjs, and disregard the stopping rule for a moment. Consider
the infinite sequences of points x;, s;, and ¢; which are defined by the hybrid
method. Without loss of generality we assume that f(x;) # 0 for all /. Let

2(|az| + uts)-l}

o Us
n=ns= 4max{ [310g2 wé-l +1, [1082 U

and [/ =1t, — s, > 0, and observe that
(3.3) ns < dp - log(1/3)
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the length / of the interval [s,, ¢,] is at most
1 <274 <5/ (2(|aa] + us)) -

Let x* € [s,, t4] be a zero of f. For x € [s,, t,] and a suitable { € [s,, 2],
we have -

If' ()l =

> vs — (laa| + us)l > v5/2>0.

with a suitable constant d; > 0. Since ¢, —s; < (¢j—4 — S;—4)/2 forany i >4,

76y + 71O -5y + L O e ey

From f(s,) < f(t,) we conclude that f’ is strictly positive on [s,, t,]. In
particular, this means that x* is the unique zero of f in this interval. Similarly,

|f/l(x)| — fl/(o) + f”(X) - f”(o)xl/3

|f//(x)| — ‘fl/(x*) + f”( )__x{)/;/(:;x*)(x _x*)l/3

> Wy —u(;ll/‘" > Ws —u52‘”/12 >0,

X
X

where the strict inequality is due to the definition of n. Moreover,
n
If7(E01  2(1a2] +u5) _ 1

sup < < .
15 $2€lSn 5 n] f’(CZ) Vs )

In what follows we assume that f” is strictly positive on [s,, ¢,]. The case
f" < 0 can be studied analogously.
For any two distinct points x, y € [s,, t,] the secant step

g =SEC(x, y) =x - (x —»)/(f(x) - f(¥) - f(x)

is well defined. The known error formula for the secant method yields

g—x"=C(x,y)(x—x")(y—-x7),
where C(x,y)= f"({1)/(2f'({2)) for some {;, {» € [sn, tn] . Observe that

1
34) 0<C(x,y)< 3]
and
1. * *
(3.5) g = x*| < 5 min{jx — x|, [y —x7[}.

Define e; = |x; — x*| and /; = t; — 5;, and let o; denote the sign of x; — x*.

Claim 1. Assume that x;_, = BIS;_, or x; = SEC(x;_, x;—2) With i >n+2.
Then SEC(x;, xi—1) € (8i, t;) .

Let g = SEC(x;, x;—;) and assume that x;_, = BIS;_, at first. Then x;_;
and x; are computed by the regula falsi and (0;_1, 0;) = (—, —) by (3.4).
Therefore, t; = t;_, and g > x*, and (3.5) yields g — x* < (¢; — x*)/8. We
conclude that g € (x;, ¢;).

Now assume that x; = SEC(x;_y, xi_2). If (6i—2,0;—1) = (—, +), then
Xi,qg<x* and x*—q <e;/2=(x*-s;)/2. Hence, q € (s;, t;) . In the cases
(6i=2, 6i-1)=(—, =), (+, =), or (+, +), Claim 1 may be verified similarly.
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During the computation each secant step x; = SEC(x;_;, x;—2) is followed
by a check of the condition /; < [;_3/2. We study this condition for the fol-
lowing two cases: four consecutive secant steps or six steps with one bisection
step.

Claim 2. Assume that x;_; = SEC(x;_j_;, xj—j_2) for j = 0,...,3 and
(6i—1,0)€e{(—, ), (+,-), (=, +)} with i >n+5. Then [; <I[;_3/2.

If (ai—l > Ui) = (_’ _)’ then (ai—i’ rees ai—Z) = (+a T T +) by (34)’
Therefore, [s;, t;] = [xi, x;—2] and [s;_3, ti—3] = [xi—3, X;—s], and (3.5) im-
plies

li=e+e_2<(e_3+e_s5)/2=1_3/2.

In the cases (g,—;1, 6;) = (+, —) or (—, +), Claim 2 may be verified similarly.

Claim 3. Assume that x; = SEC(x;_;, x;_2) and x;_; =BIS,_; for j =3, 4,
or 5 with i —j>n. Then [; <[;_3/2.

If x;_3 = BIS;_3, then we already know that (g,_;, g;_1, 6;) = (—, —, +)
and t,_, =t;_3. Therefore, /;_3 > e;_» +t;_3 — x* and (3.5) yields

li=ei+eiy <(tii3—x")/8+e_2/2<1;_3/2.

A similar argument works for j =4 or 5.

As a consequence of Claims 1-3 we get the following. If x; = BIS; for
ip > n, then no further bisection step will be made. Indeed, the next two steps
ip+ 1 and iy + 2 must be performed by the regula falsi. Then the step iy + 3
will be done by the secant method because of Claim 1. The steps iy +4, ig+3,
and iy + 6 are secant steps by Claims 1 and 3, and (gj,+s, Gip+6) = (—, +) .
Finally, the step iy + 7 and all the remaining steps are secant steps by Claims
1 and 2.

Note that the lack of bisection steps for i > iy implies that the sequence

Oiy+1, Tiy+2, - .. does not contain three consecutive + or three consecutive —.
Hence, /;;2 < ei42 +€;, and (3.5) implies
(3.6) liva <5/4e; Yi>ig+1.

To find an index i such that /; < 2¢, we consider signs of (g,, g,,1). Let
M = (1++/5)/2, and assume first that

(G'n, an+1) € {(_a _)’ (+’ _)a (_’ +)}

If one of the knots x,, ..., x,.5 is computed by bisection, then (3.6) holds
with ip = n+ 5. Otherwise, x; = SEC(x;_1, x;—2) for i > n+ 2 by Claims
1 and 2, and the sequence g,, g,,1, ... does not contain three consecutive +

or three consecutive —. Hence, (3.6) holds with iy = n + 5 in both cases, and
ei<ei_1ei—2/(2l) Vi>n+38,

follows from (3.4). Clearly, e,.¢, €n+7 < /. Using the well-known direct esti-
mate for e;, we have

3.7 min{ieN:e;<e,i>n+6}<1/logM-loglog(l/e)+n+d;
with a positive constant d, . From (3.6) we obtain

(3.8) min{i € N:/; <2¢} <1/logM - loglog(l/e)+n+d, +2.
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Now we assume that
(Ons Ony1) = (+, +).
In this case there exists iy > n + 1 such that x;, = BIS; , and no further
bisection step is made. Clearly, -

e <ei_1ei—2/(2l) Yn+2<i<iy,

while we only know that e;, < //2. However,
en>epi1 >---2>ej 1 >min{e;_1, €} > €41 > €42 >,
which implies
€ip+3 < €igr2€ig11/(21) < ejy_1€5,-2/(21)
if igp>n+1 and

€ipra < €,43€i012/(21) < ejpr3ei,—1/(21).

Finally,
e <ei_1e—2/(2l) Vi>ig+5.

The estimates above show that we lose at most three secant steps because of the
bisection step. Therefore,

(3.9) min{ieN:e;<e,i>n}<1/logM - loglog(l/e) +n +d;

with a constant d; > 0. :
Let A =x*—s,. Observe that /; < A+e; holdsfor n < i <iy and i > ip+3.
If A<e¢, then ¢; <e¢ with i > n implies /;,, < 2¢, and (3.9) yields

(3.10) min{i € N:/; <2¢} <1/logM - loglog(1/e) + n+d3 +2.
Consider the case A >¢. If n+3<i< iy and e¢;_3 < ¢, then
I; A+e; &

— = > >1/2.
1,'_3 A+ei_3 E+ei_3 /

Hence, (3.9) shows that
ip<1/logM - loglog(l/e)+n+ds+4,
and we get
(3.11) min{i e N:[; <2} <1/logM - loglog(l/e)+n+ds+7,
using (3.6).
Combining (3.3), (3.8), (3.10), and (3.11), we obtain
min{i e N:/; <2¢} < 1/log M - loglog(1/¢) + d4 - log(1/9)

for any f € F; with a suitable constant d4. For the root criterion, this yields
the needed worst-case estimate on supscg, v(f). For the residual criterion,
(3.2) yields

1Sl < 1S ' lloo + € < (lar] + |az| + (1/c2 log(3¢1/8))'/?) ;.

Thus, we terminate for the residual criterion if ¢; = O(g/+/log1/J). We get the

needed estimate from the root criterion with ¢ replaced by O(e/+/log1/9).
We now estimate the average value of v(f) over the class F . We know that

sup v(f) < A+ cslog(1/d)
SfEF;
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forany 0 < d < 1/2, with a positive constant ¢s and A=1/log M-loglog(1/e).
Let B=[A+1+cslog2]. Assume that n > B and define

0 =exp(—(n—A4-1)/cs).

Then 6 < 1/2, and v(f) > n implies f ¢ Fs. Hence, P(v(f) > n) <4
follows from Lemma 3.3, and we finally obtain

/F(f de)—ZP(V fzn<B-1+43 Pw(f) = n)

n=B
<B-1 +Zexp(—(n—A— 1)/cs) < A+ a
n=B
with a suitable constant o. 0O

4. PROOF OF THE LOWER BOUNDS

In this section we prove Theorem B. We start with a lemma concerning in-
~ terpolation by polynomials. As in §2, for g € C"([0, 1]) denote

gls1=(g(s), ..., 8"(s)).

For 0<s<t<1,let p(g;s,t) bethe polynomial of degree at most 2r + 1
which satisfies

p(g;s,Is1=g[s] and p(g;s, N1]=gll.
Lemma 4.1. Let r > 1. There exists a constant L = L(r) > 0 such that

sup |g'(x) —p'(g;s, )(x)| < L-(t—s)"'+ sup |g"(x)|
s<x<t s<x<t

forany ge C"([0,1]) and 0<s<t<1.

Proof. The operator g — p(g;0, 1) is linear and bounded on C’([0, 1]).
Hence, there is a constant L > 0 such that

g —p"(g;0, Do < L/2-1187lco

for any g € C’([0, 1]) with g[0] = 0. For an arbitrary g € C’([0, 1]), let &
denote the Taylor polynomial of degree at most r with g[0] = g[0]. Then

18"~ (50, Dllo = I(g = 2)" =" (g - &5 0, Dl
<L/2:0(8 = 8)Nloo < L+ 118"l

For 0 <s<t<1l,let T=1t-s,and define g(z) = g(s+z-7)/T",
z €[0, 1]. Then

gN2)=gV(s+z-T)-T7", j=0,1,...,r.
Therefore, p(g;s,t) =p(g; 0, 1). Hence,
sup |g")(x) - pP(g; s, H)(x)|
s<x<t

= sup [2"(2)-p"(g;s, )(2)| =12" - p"(Z; 0, Dlleo
0<z<1

SLoIE o = L+ sup 18700
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Since g’ —p'(g; s, t) has a root of multiplicity r at s, we have

Tr—l
sup |g'(x) —p'(g; 5, )(x)| < —+ sup |g"(x) —p"(g; s, 1)(x)|
<x<t (r—=1D!' s<x<

N

<L-T'- sup [g"(x)],
s<x<t

which completes the proof. O

We also need the following lemma on the absolute value of a Gaussian ran-
dom variable. -

Lemma 4.2. There exists a positive constant K, such that
E(|Z|) > K; - max{|m|, o}

for any Gaussian random variable Z with mean m and variance o?.
If additionally m # 0 or o # 0, then there exists a positive constant K, such
that
Prob({|Z| <u-E(|Z|)}) < K,-u VYu>0.

Proof. Since E(|Z|) is a convex and even function of the mean m, we get
E(|Z]) > Ky -0, where K; = (2n)~ /2 [, |v|- exp(-v%/2)dv < 1. Moreover,
E(|Z|) > |E(Z)| = |m|, and the first estimate follows.

It is sufficient to show the second estimate for 0 < u < 1/2. The estimate is
obvious for ¢ = 0, and it remains to consider the case ¢ =1 and m > 0. If
m<1,then E(|Z]) <m+K; <2,and

Prob({|Z| < u-E(|Z))}) < 4(2m)~'/-u.

If m > 1, then E(|Z|) < 2m, and Prob({|Z| < u-2m}) is maximal for
m = 1. Therefore, the above estimate also holds in this case. O

For fixed regularity r > 2 and boundary values a;, b; we consider the con-
ditional r-folded Wiener measure P on the class F defined in §2. We also fix
B > r+1/2. In what follows, we use some constants ¢; and d; which only
depend on the parameters a;, b;, r,and f.

We can choose a constant ¢; > 0 such that the class

G={geF:|gl<a}
satisfies

(4.1) log B + log(r + 1/2)

2log B

Indeed, since P(G) — 1 for ¢; — oo and since the left-hand side of (4.1) is
smaller than 1, we can satisfy (4.1) for large c;. Recall that by ||g|| we mean
here maxoc<r [|89]|oo -

We first consider information operators N/ that use Hermite information of
order r, see (2.2). Without loss of generality we assume that N/ uses different
knots from (0, 1) for any function from F . Since the knots usually do not
depend monotonically on the step number, we let

<PG?<1.

0<zi1(y)<--<ziiy) <1

as the increasing rearrangement of the knots used for f € F, where N/(f)=1y.
We also set z; o(y) =0 and z; ;+1(y) = 1. Observe that the knots z; ;(y) may



1534  ERICH NOVAK, KLAUS RITTER, AND HENRYK WOZNIAKOWSKI

only depend on N/_,(f), i.e., on the data which are computed in the first i —1
steps.

Let f € F be any function with N/(f) = y. It is well known that the
conditional measures P(:|N/ = y) are Gaussian with the following proper-
ties. On each of the subintervals [s, t] = [z; j—1(¥), zi,;(¥)], the mean of
P(-|N] =y) is given by the polynomial p(f;s,t). Function evaluation at
X € [s, t] has variance

/F (F(x) = p(f 5, )(x))? dP(fIN = ¥)

1 (x —s)-(t—x)\*
(2r+1)(r!)2’( t—s ) :

If x, v €[0, 1] lie in different subintervals, then function evaluation at x and
v are independent with respect to P(:|N] =y).

Consider a zerofinding method S} = ¢} o N/ that uses a fixed number i of
knots for any function from F . Given the data N/ =y, the method determines
a point x from [0, 1] as an approximation to a root, and the average residual
error is the mean of the absolute value of a Gaussian random variable. If
x € [s,t] = [zi,j-1(¥), z:i,j(¥)], the average residual error is bounded from
below by

(4.2)

i) = jnt, [ 1FIAPUIN; = ).

Since x is in some subinterval, the average residual error is bounded from
below by ’

e(y) = min  ¢; i(y).

i(V) L i,j(¥)

The following lemma relates a lower bound on e; ;j(y) in terms of the bound-
ary values of the function at the respective subinterval.

Lemma 4.3. There exists a positive constant ¢, such that for any information
operator N] and any g € G we have

er,j(v) 2 " min{lg(zi, ;- W), lg(zi, ;ODI 2,
where y = N!(g).
Proof. Let [s, t] =[z;,j—1(¥), zi,;(¥)] and p =p(g; s, t). Assume that x €

[s, t]. The conditional mean and variance of f(x), given N/ =y, are equal
to p(x) and a%(x), the latter defined by (4.2). Clearly,

o(x)>d{”? min{x —s, t — x}"*1/2
with d; = (2r+1)~!(r!)~2. Lemma 4.1 and ||g|| < ¢; imply that
sup |p'(x)| < d>
s<x<t
with dy =¢;-(L+1).
Let M = min{|g(s)|, [g(1)]} . If
min{x —s,t—x} < M/(2d>),
then
(4.3) lp(x)| > M — M/(2d,)- sup |p’(x)| > M/2,
s<x<t
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and otherwise
(4.4) a(x) > d|Pdy " a1 e,

From Lemma 4.2 we know that
[ IaPUIN: =) > Ki - max{lp(x), o(x)}-
Hence, M < ||g|loo < 1, and (4.3) and (4.4) imply
[ GIaPUING =3) 2 G2 i

for a suitable constant ¢; > 0. O

The distribution of e;(N/(g)) on the class G is studied in the following
lemma.

Lemma 4.4. Let (i) = §=1(r+ 1/2)/ . There exists a positive constant c3 such
that for any information operator N we have

P({g € F:ei(N!(g) <uPD}nG)<c3-i-u Yu>0.

Proof. We prove the lemma by induction on /. Lemma 4.3 and N{(f) = f[xi]
imply that

P({e1(N](g)) < w*'2} N G) < P({cy - min{|ao], | f(x1)], |bol} < u} N G).
Clearly,
dy = inf / 1f(x)|dP(f) >0

0<x<l1
and Lemma 4.2 implies

P({lf(x1)| < u/c2}) < Kz/(cadh) - ui.
Hence,
(4.5) P({ei(N{(g)) <w?D}nG) < dy-u

for any u > 0 with a suitable constant d, > 0.
Let y = N/(g) for g € G. In the next step i + 1, we evaluate p = g[¢],

where
E=wi )€ (zi,j-1¥), zi,j(¥) = (s, 1).
Clearly,

inf / 1S dP(fING = (7, p)) > ei(y).

t<x<1

By Lemma 4.3, we have

,f / |f ()| dP(fINLy = (7, p))>c’+‘/2 min{|g(s)|, |g(&)[}"+!/2
and

1nf /|f(x)|a’P(f| ir+1 =(y, p))>cr+l/2 min{lg(t)l, |g(é)|}r+l/2.
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This implies that
eir1(Niy1(8)) = eiri((v, p))
> min{e(y), ;"2 - min{lg(s)], g(0)], lg@N)*"},
and therefore
P({eis1(N];1(8)) < (u-e(»))*'/*} N GIN] = )
< P({ei(y) < (u-e(»)*'*} N GIN] = y)

+ P({min{|g(s)|, |g(2)|} < u-ei(y)/c2} N GIN] = y)
+P({|g(E) < u-ei(y)/c2} NGIN; =y).

Assume that ¢;(y) > 0, and let A(y) = [ |f({)|dP(fIN! =y). Clearly,
ei(y) < min{IaOI ’ |b0| ’ |g(S)| ’ Ig(t)l ’ h(y)} .
If 0 <u < min{c;, min{|ag|, |b|}~#+V/Zr+1)}  then Lemma 4.2 yields
P({eis1(N},1(8)) < (u-ei(y))*' 2} N GIN] = y)
< P({|lg@)| Su-e(y)/c2} N GIN] = y)

SP{IfE) <u-h(y)/c}IN] =y)
<Ky/cr-u.

Hence,
(4.6) P({eix1(N}41(8) < (u-e(»))* 2} N GIN] = p) < ds - u

for any u > 0 with a suitable constant d3 > 0.
- Define ¢; = max{d,, ds}, see (4.5). From (4.6) we get

P({eix1(NI,1(8) > (u-uPD)+1/21 0 G)
= _/N,(F) P({eis1(NI,1(8)) > (u-uPDY+112} 0 G|NT = y) dNIP(y)

> /  P({ei1(Nf1(8)) > (u-ei(»))™*'*} N GIN] = y)dN[P(y)
{ei(y)>ub®}

> [ (P(GIN] =) s wdN[PO)
{aypur0y
> P({ei(N] (g)) > W’} N G)—c3-u.
Since B(i+1)=(1+ B(i))-(r+ 1/2), we obtain by induction
P({eir1(Nf1(8)) > wP*Y N G) > P({er(N[(8)) > wPD}NG) —c3-i-u
>l-cru—cyricu=1-c3-(i+1)-u.
This completes the proof. O

We are ready to prove Theorem B. It is enough to prove that for any 8 >
r+1/2 there is a positive constant A such that for any zerofinding method S*
with

(4.7) /F v(f)dP(f) < n
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we have
(4.8) [t papu) 2
F

We first consider the error A™ in the residual sense. Obviously, it is sufficient
to consider zerofinding methods S, (f) = by (N o) f)) which use Hermite
information of order r. Let

Ai={f:v(f)=i}=(N)"'(B)
with a Borel measurable set B; C R'*+1) | Then (4.7) yields

J-P(4;nG) = (g)dP(g)<n

Take m = [n/P(G)?] and p = P(G)-(1 — P(G))/m. There exists an index
ie{l,..., m} such that
P(A;NnG)>p.

Indeed, if this is not the case, we have

n>Z] P(A;NG)+(m+1)- (P(G f:P nG))
Jj=1

Jj=1
>m-(m+1)/2:p+(m+1)-(P(G)—m-p) > (m+1)-P(G)? > n,

which is a contradiction.
For such an index i, let

= (P(4;N G)/(c3- )P,
where ¢; and B(i) are chosen as in Lemma 4.4. Then, using Lemma 4.4, we
have

AiNG

/ A(ST, £)dP(f) > / ei(y)dNIP(y) > / ei(N7(2))dP(g)
F B;
- [ Pei(e) > v} n A Gydv
0

w
> / (P(A, n G) —C3 i ”Ul/ﬁ(i))d'v
0
=P(4;NG)/(1+ B(i))- (P(4: N G)[(c3-1))PD).
Observe that for suitable positive constants d; and d, we have

iSd1°n,
P(A,ﬂG)Zdz/n,
B(i) < (2r+1)/(2r = 1)+ (r+ 1/2)' < 5/3+(r + 1/2)".

Therefore,

/FA“(SL, £)dP(f) > da/n-3/10(2/(2r + 1)) " . ((d2/(d1c3))/n})PWD).
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Thus, it remains to show that
(4.9) B(i)-logn < d3-p"
for some positive constant d3 > Q.
Using (4.1), we can find a positive constant d4 such that
log B(i) < i-log(r+ 1/2) +1og(5/3) < n- log(r + 1/2)/P(G)* + d4
<n-logpB-2log(r+1/2)/(log B +log(r + 1/2)) + d,.
Clearly, for some positive ds we have for any integer n,
loglogn < n-logp-(log f —log(r + 1/2))/(log B + log(r + 1/2)) + ds.
Hence,
log B(i) +loglogn < n-logf +ds +ds

and (4.9) follows. This completes the proof of (4.8) for the error A™.
We now consider the error A™ in the root sense. Consider an arbitrary
method S* which satisfies (4.7). We relate the average error of Sk in the root

sense to the average error of a method S%,, in the residual sense. Let z =0
if |ao| < |bo|, and z =1 if |ag| > |b|. Then S,’f+l is defined by

Sk _ [ SE(f) if |f(SE(f))] < min{|aol, |bol},
Svn(/) = { z otherwise.
We have _
A™(Sk,y, f) < min{la|, |bol} Vf€EF,
and

A(Sk, |, f)<u-A°(SE, f) VFEF:|f oo <u.

Since S*,, uses at most n + 1 knots, the proof for the error in the residual
sense yields

/ Ak, , £)dP(f) > 25"
F

Therefore,
/ A(SE, £)dP(f) > 1/u / A3, , £)dP(S)
F JLIIf "l oo <u}

2 1/u- A"~ 1/u-P({f € F : || f'lloo > u})- min{jao|, |bol} -

Lemma 3.1 of Ledoux and Talagrand [6] states that there exist positive constants
d¢ and dj < 1 such that

P{f€F:|f'loo>u}) <dg-d¥ Vu>0.
We choose
u = ((B"*'log(1/) + log(2de min{|ao|, |bo|}))/ log(1/d7))"/?
to obtain

[ aess, fyapiy 2 1@ 2
F

with a suitable constant 4 > 0. This completes the proof of (4.8) and of
Theorem B. O
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