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ARTICLE INFO ABSTRACT
Keywords: Root-finders based on full linear multistep methods (LMMs) use previous function values,
Root-finder derivatives and root estimates to iteratively find a root of a nonlinear function. As ODE
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solvers, full LMMs are typically not zero-stable. However, used as root-finders, the inter-
polation points are convergent so that such stability issues are circumvented. A general
analysis is provided based on inverse polynomial interpolation, which is used to prove a
fundamental barrier on the convergence rate of any LMM-based method. We show, using
numerical examples, that full LMM-based methods perform excellently. Finally, we also
provide a robust implementation based on Brent’s method that is guaranteed to converge.
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1. Introduction

Suppose we are given a sufficiently smooth nonlinear function f: R — R and we are asked to solve the equation

fx)=0. (1)

This archetypical problem is ubiquitous in all fields of mathematics, science and engineering. For example, ray tracing tech-
niques in optics and computer graphics need to accurately calculate intersection points between straight lines, rays, and
objects of varying shapes and sizes [1,2]. Implicit ODE solvers are often formulated like (1), after which a root-finder of
some kind is applied [3].

Depending on the properties of the function f, there are several methods that present themselves. Sometimes the deriva-
tive is not available for various reasons, in which case the secant method will prove useful. If higher-order convergence is
desired, inverse quadratic interpolation may be used [4]. If the derivative of f exists and is available, Newton’s method is a
solid choice, especially if f is also convex.

Recently, a new interpretation of root-finding methods in terms of ODEs has been introduce by Grau-Sanchez et al. [5-7].
Their idea is to consider the inverse function derivative rule as an ODE, so that any explicit ODE solver may be converted to
a root-finding method. Indeed, Grau-Sanchez et al. have successfully introduced root-finders based on Adams-type multistep
and Runge-Kutta integrators. It goes without saying that only explicit ODE solvers can be usefully converted to root-finding
methods. However, predictor-corrector pairs are possible, as those methods are indeed explicit.

We argue that the ODE approach can be interpreted as inverse interpolation with (higher) derivatives. Indeed, any linear
integration method is based on polynomial interpolation. Thus, the ODE approach can be seen as a generalisation of inverse
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interpolation methods such as the secant method or inverse quadratic interpolation. The analysis can thus be combined into
a single approach based on inverse polynomial interpolation.

Our main theoretical result is a theorem on the convergence rate of root-finders based on explicit linear multistep meth-
ods. We furthermore prove a barrier on the convergence rate of LMM-based root-finders. It turns out that adding a few
history points quickly boosts the convergence rate close to the theoretical bound. However, adding many history points
ultimately proves an exercise in futility due to diminishing returns in the convergence rate. Two LMM-based methods are
constructed explicitly, one using two history points with a convergence rate of 1+ +/3 ~ 2.73 and another with three history
points that converges with rate 2.91.

In terms of the efficiency measure, defined as p% with p the order and w the number of evaluations [4], our method
holds up even compared to several optimal memoryless root-finders. The Kung-Traub conjecture famously states the optimal
order of memoryless root-finders using w evaluations is 2*~!, so that the efficiency is 2"%". Our method requires two
evaluations per iteration, provided function and derivative values are stored, leading to an efficiency of 1.74 for the three-
point method. As a consequence, anything up to an eighth-order method has a lower efficiency measure. For instance,
optimal fourth-order methods with /4 ~ 1.59 [8-10], or eighth-order methods with ¥/8 ~ 1.68 [11-13]. Only 16th-order
methods, e.g. Geum and Kim'’s [14], with /16 ~ 1.74 would in theory be more efficient.

Using several numerical examples, we show that the LMM-based methods indeed achieve this higher convergence rate.
Furthermore, pathological examples where Newton’s method fails to converge are used to show increased stability. We also
construct a robust LMM-based method combined with bisection to produce a method that can been seen as an extension of
Brent’s [15]. Similar to Brent’s method, whenever an enclosing starting bracket is provided, an interval [a, b] with fla)f(b) <0,
our method is guaranteed to converge.

This article is organised in the following way. First, we find the convergence rate of a wide class of root-finders in
Section 2 and prove a barrier on the convergence rates. Next, in Section 3 we derive new root-finders based on full linear
multistep methods and show that such methods are stable when the initial guess is sufficiently close to the root. After
this, some results are presented in Section 4 that verify our earlier theoretical treatment. Finally, we present our robust
implementation in Section 5, after which we give our conclusions in Section 6.

2. Barriers on LMM root-finders

Root-finding methods based on the ODE approach of Grau-Sanchez et al. can be derived by assuming that the function f
is sufficiently smooth and invertible in the vicinity of the root. Under these assumptions, the chain rule gives
dx 1
= =[f"1y) = —= =F®), (2)
dy ')
which we may interpret as an autonomous ODE for the inverse. Integrating (2) from an initial guess yg = f(xg) to y =0
yields

0
X(0) = X0 + /y F(x())dy. 3)
0

where x(0) is the location of the root. Immediately, we see that applying the forward Euler method to (2) gives Newton’s
method. From (3), we see that the step size of the integrator should be taken as 0 —yg = —f(xg). However, Newton’s method
may also be interpreted as an inverse linear Taylor method, i.e., a method where the inverse function is approximated by
a first-order Taylor polynomial. Indeed, any linear numerical integration method applied to (2) can be interpreted as an
inverse polynomial interpolation.

As such, explicit linear multistep methods applied to (2) will also produce a polynomial approximation to the inverse
function. Such a method has the form

s—1 s—1

Xnts + Z a,ﬂ")xwk = hnys Z b,in)F(Xan)q (4)
k=0 k=0

where indeed bﬁ”) =0, otherwise we end up with an implicit root-finder, which would not be very useful. The coefficients
of the method, {a,(c”) f;}) and {b,({”) i;}), will depend on the previous step sizes and will therefore be different each step. The
step sizes are given by h, ;= Yn,x — Ynik_1. the differences in y-values. Since we wish to find the root, we set yp.s =0,
leading to hpis = Ynis — Ynis—1 = —Ynis_1. Furthermore, the y-values are of course given by the function values of the root

estimates, i.e.,

o = fGnpw) — f(xppp—q) fork=1,....s-1. (5)

Like an ODE solver, we may use an implicit LMM in tandem with an explicit LMM to form a predictor-corrector pair, the
whole forming an explicit method. Unlike an ODE solver, we may construct derivative-free root-finders based on the LMM
approach by setting all bf{") =0for k=0,...s—1 and for all n> 0, e.g., the secant method. For an ODE solver this would
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