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Abstract

Delaunay refinemeris a technique for generating unstructured meshes of triangles or tetrahedra suitable
for use in the finite element method or other numerical methods for solving partial differential equations.
Popularized by the engineering community in the mid-1980s, Delaunay refinement operates by maintaining
a Delaunay triangulation or Delaunay tetrahedralization, whickfisedby the insertion of additional ver-

tices. The placement of these vertices is chosen to enforce boundary conformity and to improve the quality
of the mesh. Pioneering papers by L. Paul Chew and Jim Ruppert have placed Delaunay refinement on firm
theoretical ground. The purpose of this thesis is to further this progress by cementing the foundations of
two-dimensional Delaunay refinement, and by extending the technique and its analysis to three dimensions.

In two dimensions, | unify the algorithms of Chew and Ruppert in a common theoretical framework. Using
Ruppert’s analysis technique, | prove that one of Chew’s algorithms can produce triangular meshes that are
nicely graded, are size-optimal, and have no angle smaller2han. (Chew proved 80° bound without
guarantees on grading or size.) | show that there are inputs with small angles that cannot be meshed by
any algorithm without introducing new small angles; hence, all provably good mesh generation algorithms,
including those not yet discovered, suffer from a fundamental limitation. | introduce techniques for handling
small input angles that minimize the impact of this limitation on two-dimensional Delaunay refinement
algorithms.

In three dimensions, | introduce a Delaunay refinement algorithm that can produce tetrahedral meshes that
are nicely graded and whose tetrahedra have circumradius-to-shortest edge ratios boundéd beByv
sacrificing good grading in theory (but not in practice), one can improve the bounthtoT his theoretical
guarantee ensures that all poor quality tetrahedra exdiepts(a particular type of poor tetrahedron) are
removed. The slivers that remain are easily removed in practice, although there is no theoretical guarantee.
These results assume that all input angles are large; the removal of this restriction remains the most important
open problem in three-dimensional Delaunay refinement. Nevertheless, Delaunay refinement methods for
tetrahedral mesh generation have the rare distinction that they offer strong theoretical bounds and frequently
perform well in practice.

| describe my implementations of the triangular and tetrahedral Delaunay refinement algorithms. The robust-
ness of these mesh generators against floating-point roundoff error is strengthened by fast correct floating-
point implementations of four geometric predicates: the two-dimensional and three-dimensional orientation
and incircle tests. These predicates owe their speed to two features. First, they employ new fast algorithms
for arbitrary precision arithmetic on standard floating-point units. Second, they are adaptive; their running
time depends on the degree of uncertainty of the result, and is usually small. Hence, these predicates cost
little more than ordinary nonrobust predicates, but never sacrifice correctness for speed.

Keywords: tetrahedral mesh generation, Delaunay triangulation, arbitrary precision floating-point arith-
metic, computational geometry, geometric robustness
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Chapter 1

Introduction

Meshes composed of triangles or tetrahedra are used in applications such as computer graphics, interpo-
lation, surveying, and terrain databases. Although the algorithms described in this document have been
used successfully to generate meshes for these and other purposes, the central focus of this research is the
generation of meshes for use in numerical methods for the solution of partial differential equations. These
numerical methods are an irreplaceable means of simulating a wide variety of physical phenomena in sci-
entific computing. Furthermore, they place particularly difficult demands on mesh generation. If one can
generate meshes that are completely satisfying for numerical techniques like the finite element method, the
other applications fall easily in line.

Delaunay refinementhe topic of this thesis, is a mesh generation technique that has theoretical guar-
antees to back up its good performance in practice. The center of this thesis is an extensive exploration of
the theory of Delaunay refinement in two and three dimensions, found in Chapters 3 and 4. Implementation
concerns are addressed in Chapter 5. Delaunay refinement is based upon a well-known geometric structure
called theDelaunay triangulationreviewed in Chapter 2.

This introductory chapter is devoted to explaining the problem that the remaining chapters undertake
to solve. Unfortunately, the problem is not entirely well-defined. In a nutshell, however, one wishes to
create a mesh that conforms to the geometry of the physical problem one wishes to model. This mesh must
be composed of triangles or tetrahedra of appropriate sizes—possibly varying throughout the mesh—and
these triangles or tetrahedra must be nicely shaped. Reconciling these constraints is not easy. Historically,
the automation of mesh generation has proven to be more challenging than the entire remainder of the
simulation process.

A detailed preview of the main results of the thesis concludes the chapter.
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Figure 1.1:Two and three-dimensional finite element meshes. At left, each triangle is an element. At right,
each tetrahedron is an element.

1.1 Meshes and Numerical Methods

Many physical phenomena in science and engineering can be modeled by partial differential equations
(PDEs). When these equations have complicated boundary conditions or are posed on irregularly shaped
objects or domains, they usually do not admit closed-form solutions. A numerical approximation of the
solution is thus necessary.

Numerical methods for solving PDEs include firéte element methogFrEM), thefinite volume method
(FVM, also known as theontrol volume methgdand theboundary element meth¢BEM). They are used
to model disparate phenomena such as mechanical deformation, heat transfer, fluid flow, electromagnetic
wave propagation, and quantum mechanics. These methods numerically approximate the solution of a linear
or nonlinear PDE by replacing the continuous system with a finite number of coupled linear or nonlinear
algebraic equations. This processdifcretizationassociates a variable with each of a finite number of
points in the problem domain. For instance, to simulate heat conduction through an electrical component,
the temperature is recorded at a number of points, calbetks on the surface and in the interior of the
component.

It is not enough to choose a set of points to act as nodes; the problem domain (or in the BEM, the
boundary of the problem domain) must be partitioned into small pieces of simple shape. In the FEM, these
pieces are calledlementsand are usually triangles or quadrilaterals (in two dimensions), or tetrahedra or
hexahedral bricks (in three dimensions). The FEM employs a node at every element vertex (and sometimes
at other locations); each node is typically shared among several elements. The collection of nodes and
elements is called fnite element meshTwo and three-dimensional finite element meshes are illustrated
in Figure 1.1. Because elements have simple shapes, it is easy to approximate the behavior of a PDE, such
as the heat equation, on each element. By accumulating these effects over all the elements, one derives a
system of equations whose solution approximates a set of physical quantities such as the temperature at each
node.

The FVM and the BEM also use meshes, albeit with differences in terminology and differences in
the meshes themselves. Finite volume meshes are compossxhtadl volumeswhich sometimes are
clusters of triangles or tetrahedra, and sometimes are the cells of a geometric structure knowbrasthe
diagram In either case, an underlying simplicial mesh is typically used to interpolate the nodal values and to
generate the control volumes. Boundary element meshes do not partition an object; only its boundaries are
partitioned. Hence, a two-dimensional domain would have boundaries divided into straight-line elements,
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Figure 1.2:Structured (left) and unstructured (right) meshes. The structured mesh has the same topology
as a square grid of triangles, although it is deformed enough that one might fail to notice its structure.

and a three-dimensional domain would have boundaries partitioned into polygonal (typically triangular)
elements.

Meshes can (usually) be categorized as structured or unstructured. Figure 1.2 illustrates an example of
each. Structured meshes exhibit a uniform topological structure that unstructured meshes lack. A functional
definition is that in a structured mesh, the indices of the neighbors of any node can be calculated using
simple addition, whereas an unstructured mesh necessitates the storage of a list of each node’s neighbors.

The generation of both structured and unstructured meshes can be surprisingly difficult, each posing
challenges of their own. This document considers only the task of generating unstructured meshes, and fur-
thermore considers only simplicial meshes, composed of triangles or tetrahedra. Meshes with quadrilateral,
hexahedral, or other non-simplicial elements are passed over, although they comprise an interesting field of
study in their own right.

1.2 Desirable Properties of Meshes and Mesh Generators

Unfortunately, discretizing one’s object of simulation is a more difficult problem than it appears at first
glance. A useful mesh satisfies constraints that sometimes seem almost contradictory. A mesh must conform
to the object or domain being modeled, and ideally should meet constraints on both the size and shape of its
elements.

Consider first the goal of correctly modeling the shape of a problem domain. Scientists and engineers
often wish to model objects or domains with complex shapes, and possibly with curved surfaces. Boundaries
may appear in the interior of a region as well as on its exterior surfaEgterior boundariesseparate
meshed and unmeshed portions of space, and are found on the outer surface and in internal holes of a
mesh.Interior boundariesappear within meshed portions of space, and enforce the constraint that elements
may not pierce them. These boundaries are typically used to separate regions that have different physical
properties; for example, at the contact plane between two materials of different conductivities in a heat
propagation problem. An interior boundary is represented by a collection of edges (in two dimensions) or
faces (in three dimensions) of the mesh.

In practice, curved boundaries can often be approximated by piecewise linear boundaries, so theoret-
ical mesh generation algorithms are often based upon the idealized assumption that the input geometry is
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piecewise linear—composed without curves. This assumption is maintained throughout this document, and
curved surfaces will not be given further consideration. This is not to say that the problem of handling
curves is so easily waved aside; it surely deserves study. However, the simplified problem is difficult enough
to provide ample gristle for the grinder.

Given an arbitrary straight-line two-dimensional region, it is not difficult to generate a triangulation
that conforms to the shape of the region. It is trickier to find a tetrahedralization that conforms to an
arbitrary linear three-dimensional region; some of the fundamental difficulties of doing so are described
in Section 2.1.3. Nevertheless, the problem is reasonably well understood, and a thorough survey of the
pertinent techniques, in both two and three dimensions, is offered by Bern and Eppstein [10].

A second goal of mesh generation is to offer as much control as possible over the sizes of elements in
the mesh. Ideally, this control includes the ability to grade from small to large elements over a relatively
short distance. The reason for this requirement is that element size has two effects on a finite element
simulation. Small, densely packed elements offer more accuracy than larger, sparsely packed elements;
but the computation time required to solve a problem is proportional to the number of elements. Hence,
choosing an element size entails trading off speed and accuracy. Furthermore, the element size required to
attain a given amount of accuracy depends upon the behavior of the physical phenomena being modeled, and
may vary throughout the problem domain. For instance, a fluid flow simulation requires smaller elements
amid turbulence than in areas of relative quiescence; in three dimensions, the ideal element in one part of
the mesh may vary in volume by a factor of a million or more from the ideal element in another part of the
mesh. If elements of uniform size are used throughout the mesh, one must choose a size small enough to
guarantee sufficient accuracy in the most demanding portion of the problem domain, and thereby possibly
incur excessively large computational demands. To avoid this pitfall, a mesh generator should offer rapid
gradation from small to large sizes.

Given acoarsemesh—one with relatively few elements—it is not difficultriefineit to produce an-
other mesh having a larger number of smaller elements. The reverse process is not so easy. Hence, mesh
generation algorithms often set themselves the goal of being able, in principle, to generate as small a mesh
as possible. (By “small”, | mean one with as few elements as possible.) They typically offer the option to
refine portions of the mesh whose elements are not small enough to yield the required accuracy.

A third goal of mesh generation, and the real difficulty, is that the elements should be relatively “round”
in shape, because elements with large or small angles can degrade the quality of the numerical solution.

Elements with large angles can cause a latigeretization erroy the solution yielded by a numerical
method such as the finite element method may be far less accurate than the method would normally promise.
In principle, the computed discrete solution should approach the exact solution of the PDE as the element
size approaches zero. However, Bekmiand Aziz [3] show that if mesh angles approsgif as the element
size decreases, convergence to the exact solution may fail to occur.

Another problem caused by large angles is large errors in derivatives of the solution, which arise as
an artifact of interpolation over the mesh. Figure 1.3 demonstrates the problem. The element illustrated
has values associated with its nodes that represent an approximation of some physical quantity. If linear
interpolation is used to estimate the solution at non-nodal points, the interpolated value at the center of the
bottom edge i$1, as illustrated. This interpolated value depends only on the values associated with the
bottom two nodes, and is independent of the value associated with the upper node. As the angle at the upper
node approaches30°, the interpolated point (with valugl) becomes arbitrarily close to the upper node
(with value 48). Hence, the directional derivative of the estimated solution in the vertical direction may
become arbitrarily large, and is clearly specious, even though the nodal values may themselves be perfectly
accurate. This effect occurs because a linearly interpolated value is necessarily in error if the true solution
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Figure 1.3:The nodal values depicted may represent an accurate estimate of the correct solution. Never-
theless, as the large angle of this element approaches 180°, the vertical directional derivative, estimated via
linear interpolation, becomes arbitrarily large.

<A

Figure 1.4:Elements are not permitted to meet in the manner depicted here.

is not linear, and any error is magnified in the derivative computation because of the large angle. This
problem can afflict any application that uses meshes for interpolation, and not just PDE solvers. However,
the problem is of particular concern in simulations of mechanical deformation, in which the derivatives of a
solution (the strains) are of interest, and not the solution itself (the displacements).

Small angles are also feared, because they can cause the coupled systems of algebraic equations that
numerical methods vyield to be ill-conditioned [16]. If a system of equations is ill-conditioned, roundoff
error degrades the accuracy of the solution if the system is solved by direct methods, and convergence is
slow if the system is solved by iterative methods.

By placing a lower bound on the smallest angle of a triangulation, one is also bounding the largest angle;
for instance, in two dimensions, if no angle is smaller thatihen no angle is larger thams0° — 26. Hence,
many mesh generation algorithms take the approach of attempting to bound the smallest angle.

Despite this discussion, the effects of element shape on numerical methods such as the finite element
method are still being investigated. Our understanding of the relative merit of different metrics for measuring
element quality, or the effects of small numbers of poor quality elements on numerical solutions, is based as
much on engineering experience and rumor as it is on mathematical foundations. Furthermore, the notion
of a nicely shaped element varies depending on the numerical method, the type of problem being solved,
and the polynomial degree of the piecewise functions used to interpolate the solution over the mesh. For
physical phenomena that have anisotropic behavior, the ideal element may be long and thin, despite the
claim that small angles are usually bad. Hence, the designer of algorithms for mesh generation is shooting
at an ill-defined target.

The constraints of element size and element shape are difficult to reconcile because elements must
meet squarely along the full extent of their shared edges or faces. Figure 1.4 illustrates illegal meetings
between adjacent elements. For instance, at left, the edge of one triangular element is a portion of an
edge of an adjoining element. There are variants of methods like the finite element method that permit
suchnonconforming elementsHowever, such elements are not preferred, as they may degrade or ruin
the convergence of the method. Although nonconforming elements make it easier to create a mesh with
seemingly nicely shaped elements, the problems of numerical error may still persist.

For an example of how element quality and mesh size are traded off, look ahead to Figure 3.19 on
Page 61.
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1.3 Why Unstructured Meshes?

Is it really worth the trouble to use unstructured meshes? The process of solving the linear or nonlinear sys-
tems of equations yielded by the finite element method and its brethren is simpler and faster on structured
meshes, because of the ease of determining each node’s neighbors. Because unstructured meshes necessi-
tate the storage of pointers to each node’s neighbors, their demands on storage space and memory traffic are
greater. Furthermore, the regularity of structured meshes makes it straightforward to parallelize computa-
tions upon them, whereas unstructured meshes engender the need for sophisticated partitioning algorithms
and parallel unstructured solvers.

Nonetheless, there are cases in which unstructured meshes are preferable or even indispensable. Many
problems are defined on irregularly shaped domains, and resist structured discretization. Several more subtle
advantages of unstructured meshes are visible in Figures 1.6 and 1.7, which depict meshes used to model a
cross-section of the Los Angeles Basin, itself illustrated in Figure 1.5.

A numerical method is used to predict the surface ground motion due to a strong earthquake. The mesh
of Figure 1.7 is finer in the top layers of the valley, reflecting the much smaller wavelength of seismic
waves in the softer upper soil, and becomes coarser with increasing depth, as the soil becomes stiffer and
the corresponding seismic wavelength increases by a factor of twenty. Whereas an unstructured mesh can
be flexibly tailored to the physics of this problem, the structured mesh must employ a uniform horizontal
distribution of nodes, the density being dictated by the uppermost layer. As a result, it has five times as
many nodes as the unstructured mesh, and the solution time and memory requirements of the simulation
are correspondingly larger. The disparity is even more pronounced in three-dimensional domains and in
simulations where the scales of the physical phenomena vary more.

Another important difference is that the mesh of Figure 1.7 conforms to the interior boundaries of the
basin in a way that the mesh of Figure 1.6 cannot, and hence may better model reflections of waves from the
interfaces between layers of soil with differing densities. This difference in accuracy only manifests itself if
the unstructured and structured meshes under comparison are relatively coarse.

Unstructured meshes, far better than structured meshes, can provide multiscale resolution and confor-
mity to complex geometries.

1.4 Outline of the Thesis

The central topic of this thesis is the study of a technique, c@lieldunay refinementor the generation of
triangular and tetrahedral meshes. Delaunay refinement methods are based upon a well-known geometric
construction called thBelaunay triangulationwhich is discussed extensively in Chapter 2.

Chapter 2 also briefly surveys some of the previous research on simplicial mesh generation. Algorithms
based upon the Delaunay triangulation are discussed. So are several fundamentally different algorithms,
some of which are distinguished by having provably good bounds on the quality of the meshes they produce.
There are several types of bounds an algorithm might have; for instance, quite a few mesh generation
algorithms produce provably good elements. In other words, some quality measure—usually the smallest
or largest angle—of every element is constrained by some minimum or maximum bound. Some of these
algorithms also offer bounds on the sizes of the meshes they generate. For some, it is possible to prove that
the meshes are nicely graded, in a mathematically well-defined sense that is explained in Chapter 3. Roughly
speaking, the presence of small elements in one portion of the mesh does not have an unduly strong effect
on the sizes of elements in another nearby portion of the mesh. One should be aware that the theoretical
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Figure 1.5:Los Angeles Basin.

Figure 1.6:Structured mesh of Los Angeles Basin.

Figure 1.7:Unstructured mesh of Los Angeles Basin.

bounds promised by mesh generation algorithms are not in every case strong enough to be useful guarantees
in practice, but some of these algorithms do much better in practice than their theoretical bounds suggest.

Jim Ruppert and L. Paul Chew have developed two-dimensional Delaunay refinement algorithms that
exhibit provable bounds on element quality, mesh grading, and mesh size; these algorithms are effective in
practice as well. In Chapter 3, | review these algorithms, unify them, and solve an outstanding problem
related to inputs with small angles.

To clarify the relationship between these algorithms (including my own modifications), | list here the
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provable bounds on each of these algorithms prior and subsequent to the present research. Chew'’s first De-
launay refinement algorithm [19], published as a technical report in 1989, was the first Delaunay refinement
algorithm to offer a guarantee: it produces meshes with no angle smalledGhaihe elements of these
meshes are of uniform size, however; grading of element sizes is not offered. Ruppert’'s Delaunay refine-
ment algorithm [82], first published as a technical report in 1992 [80], offers different guarantees. Although

it promises only a minimum angle of roughty.7°, it also offers a guarantee of good grading, which in turn

can be used to prove that the algorithnsize-optimal the number of elements in the final mesh is at most

a constant factor larger than the number in the best possible mesh that meets the same bound on minimum
angle. Chew published a second Delaunay refinement algorithm [21] in 1993, which offers thg@0Same
lower bound as his first algorithm. Chew's second algorithm produces nicely graded meshes in practice,
although Chew provides no theoretical guarantee of this behavior.

Ruppert’s algorithm and Chew’s second algorithm can take a minimum angle as a parameter, and pro-
duce a mesh with no angle smaller than that minimum. In Ruppert’s algorithm, this parameter may be
chosen betweedf and20.7°. The bounds on grading and size-optimality are stronger for smaller minimum
angles. As the minimum angle increase2@dr®, the other bounds become progressively weaker. In prac-
tice, both Ruppert’s algorithm and Chew’s second algorithm exhibit a tradeoff between element quality and
mesh size, but allow better angle bounds than the theory predicts. (Again, see Figure 3.19 for an example of
the tradeoff in Ruppert’s algorithm.)

My new results in two-dimensional mesh generation, also detailed in Chapter 3, are as follows. | show
that Ruppert’s analysis technique can be applied to Chew’'s second algorithm, and | thereby prove that
Chew’s second algorithm produces nicely graded meshes for minimum angles of up to rdaghly
Hence, if a user specifies a minimum angle no greater #6a5?, good grading and size-optimality are
guaranteed. (Observe that this improves upor2¢he bound of Ruppert’s algorithm.) If a minimum angle
betweer26.5° and30° is specified, termination is still guaranteed (by Chew’s own result), but good grading
and size-optimality are not theoretically guaranteed (although they are exhibited in practice). | also intro-
duce the notion ofange-restricted segment splittingshich extends an idea of Chew. Ruppert’s algorithm,
modified to use range-restricted segment splitting, is guaranteed to terminate for minimum ang® up to
like Chew'’s algorithm.

Ruppert’'s and Chew'’s algorithms are not entirely satisfying because their theoretical guarantees do not
apply when the problem domain has small angles. In this circumstance, their behavior is poor in practice as
well; they may even fail to terminate. This problem reflects not merely a deficiency of the algorithms, but a
fundamental difficulty in triangular mesh generation. Although small angles inherent in the input geometry
cannot be removed, one would like to find a way to triangulate a problem domain without creatingvany
small angles. | prove that this problem is not always soluble. For instance, | can exhibit an input that bears
an angle of half a degree, and cannot be triangulated without adding a new angle smabér tt&imilarly,
for any anglef, however small, | can exhibit an input that cannot be triangulated without creating a new
angle smaller thaf. (The input | exhibit has a small angle which itself is much smaller than

This negative result implies that Ruppert’s algorithm will never terminate on such an input; it will
ceaselessly try to rid itself of removable small angles, only to find the culprits replaced by others. | propose
a modification to the algorithm that prevents this cycle of endless refinement; termination is guaranteed. A
few bad angles must necessarily remain in the mesh, but these appear only near small input angles. The
modification does not affect the behavior of the algorithm on inputs with no small angles.

Based on these foundations, | design a three-dimensional Delaunay refinement algorithm in Chapter 4.
This chapter is the climax of the thesis, although its results are the simplest to outline. | first extend Ruppert’s
algorithm to three dimensions, and show that the extension generates nicely graded tetrahedral meshes
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whose circumradius-to-shortest edge ratios are nearly bounded below two. By adopting two modifications
to the algorithm,equatorial lensesand range-restricted segment splittinghe bound on each element’s
circumradius-to-shortest edge ratio can be improvetl8® with a guarantee of good grading, ortd5
without. (Meshes generated with a boundlof5 exhibit good grading in practice, even if there is no
theoretical guarantee.)

A bound on the circumradius-to-shortest edge ratio of a tetrahedron is helpful, but does not imply any
bound on the minimum or maximum dihedral angle. However, some numerical methods, including the finite
element method, require such bounds to ensure numerical accuracy. The Delaunay refinement algorithm
is easily modified to generate meshes wherein all tetrahedra meet some bound on their minimum angle.
Termination can no longer be guaranteed in theory, but is obtained in practice for reasonable angle bounds.

The main shortcoming of my three-dimensional Delaunay refinement algorithm is that severe restrictions
are made that outlaw small angles in the input geometry. One would like to have methods for handling small
input angles similar to those | have developed for the two-dimensional case. | am optimistic that such
methods will be found, but | do not discuss the problem in any depth herein.

| have implemented both the two-dimensional and three-dimensional Delaunay refinement algorithms.
A great deal of care is necessary to turn these algorithms into practical mesh generators. My thoughts on the
choice of data structures, triangulation algorithms, and other implementation details are found in Chapter 5.

Although nearly all numerical algorithms are affected by floating-point roundoff error, there are funda-
mental reasons why geometric algorithms are particularly susceptible. In ordinary numerical algorithms,
the most common problem due to roundoff error is inaccurate results, whereas in computational geometry,
a common result is outright failure to produce any results at all. In many numerical algorithms, problems
due to roundoff error can be eliminated by careful numerical analysis and algorithm design. Geometric
algorithms vyield to such an approach with greater difficulty, and the only easy way to ensure geometric
robustness is through the use of exact arithmetic.

Unfortunately, exact arithmetic is expensive, and can slow geometric algorithms considerably. Chapter 6
details my contributions to the solution of this problem. My approach is based firstly upon a new fast
technique for performing exact floating-point arithmetic using standard floating-point units, and secondly
upon a method for performing these computations adaptively, spending only as much time as is necessary
to ensure the integrity of the result. Using these two techniques, | have written several geometric predicates
that greatly improve the robustness of my mesh generators, and are useful in other geometric applications
as well.






Chapter 2

The Delaunay Triangulation and Mesh
Generation

The Delaunay triangulation is a geometric structure that has enjoyed great popularity in mesh generation
since mesh generation was in its infancy. In two dimensions, it is not hard to understand why: the Delaunay
triangulation of a vertex set maximizes the minimum angle among all possible triangulations of that vertex

set. If one is concerned with element quality, it seems almost silly to consider using a triangulation that is

not Delaunay.

This chapter surveys Delaunay triangulations, their properties, and several algorithms for constructing
them. | focus only on details relevant to mesh generation; for more general surveys, Aurenhammer [1], Bern
and Eppstein [10], and Fortune [33] are recommended. | also discuss two generalizations of the Delaunay
triangulation: the constrained Delaunay triangulation, which ensures that input segments are present in the
mesh, and the Delaunay tetrahedralization, which generalizes the Delaunay triangulation to three dimen-
sions. The Delaunay tetrahedralization is not quite so effective as the Delaunay triangulation at producing
elements of good quality, but it has nevertheless enjoyed nearly as much popularity in the mesh generation
literature as its two-dimensional cousin.

Also found in this chapter is a brief survey of research in mesh generation, with special attention given
to methods based on Delaunay triangulations and tetrahedralizations, and methods that generate meshes that
are guaranteed to have favorable qualities. These algorithms are part of the history that led to the discovery
of the provably good Delaunay refinement algorithms studied in Chapters 3 and 4.

11
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Figure 2.1:A Delaunay triangulation.

R

Figure 2.2:Each edge on the convex hull is Delaunay, because it is always possible to find an empty circle
that passes through its endpoints.

2.1 Delaunay Triangulations and Tetrahedralizations

2.1.1 The Delaunay Triangulation

In two dimensions, #&riangulation of a setV of vertices is a seT” of triangles whose vertices collectively
form V', whose interiors do not intersect each other, and whose union completely fills the convexihull of

The Delaunay triangulationD of V, introduced by Delaunay [27] in 1934, is the graph defined as
follows. Any circle in the plane is said to mptyif it contains no vertex oV in its interior. (Vertices are
permitted on the circle.) Let andv be any two vertices oV. The edgeuv is in D if and only if there
exists an empty circle that passes througindv. An edge satisfying this property is said toDBelaunay
Figure 2.1 illustrates a Delaunay triangulation.

The Delaunay triangulation of a vertex set is clearly unique, because the definition given above specifies
an unambiguous test for the presence or absence of an edge in the triangulation. Every edge of the convex
hull of a vertex set is Delaunay. Figure 2.2 illustrates the reason why. For any convex hulf,atdige
always possible to find an empty circle that contairtsy starting with the smallest containing circle of
and “growing” it away from the triangulation.
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Figure 2.3:Every triangle of a Delaunay triangulation has an empty circumcircle.

e

w

Figure 2.4:If the triangle ¢ is not Delaunay, then at least one of its edges (in this case, e) is not Delaunay.

Every edge connecting a vertex to its nearest neighbor is Delaunay.islthe vertex nearest, the
smallest circle passing throughandw does not contain any vertices.

It's not at all obvious that the set of Delaunay edges of a vertex set collectively forms a triangulation.
For the definition | have given above, the Delaunay triangulation is guaranteed to be a triangulation only if
the vertices ofl” are ingeneral positionhere meaning that no four vertices ¥6flie on a common circle.

As a first step to proving this guarantee, | describe the notion of a Delaunay triangleirdimacircle of

a triangle is the unique circle that passes through all three of its vertices. A triangle is saibé¢tabeay

if and only if its circumcircle is empty. This defining characteristic of Delaunay triangles, illustrated in
Figure 2.3, is called thempty circumcircle property

Lemma 1l Let T be a triangulation. If all the triangles of’ are Delaunay, then all the edges Bfare
Delaunay, and vice versa.

Proof: If all the triangles ofl" are Delaunay, then the circumcircle of every triangle is empty. Because every
edge ofT" belongs to a triangle df’, every edge is contained in an empty circle, and is thus Delaunay.

If all the edges ofl" are Delaunay, suppose for the sake of contradiction that some triaafylé is not
Delaunay. Becausg is a triangulations cannot contain any vertices (except its corners), so some vertex
v of T lies inside the circumcircle of, but outsidef itself. Lete be the edge of that separates from the
interior oft, and letw be the vertex of oppositee, as illustrated in Figure 2.4. One cannot draw a containing
circle of e that contains neither nor w, soe is not Delaunay. The result follows by contradiction. &
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Figure 2.5:Two triangulations of a vertex set. At left, e is locally Delaunay; at right, e is not.

Figure 2.6:In this concave quadrilateral, e cannot be flipped.

The method by which | prove that the Delaunay triangulation is a triangulation is somewhat nonintuitive.
I will describe a well-known algorithm called tHip algorithm, and show that all the edges of the triangu-
lation produced by the flip algorithm are Delaunay. Then | will show that no other edges are Delaunay.

The flip algorithm begins with an arbitrary triangulation, and searches for an edge thaloisatiytDe-
launay All edges on the boundary (convex hull) of the triangulation are considered to be locally Delaunay.
For any edge not on the boundary, the condition of being locally Delaunay is similar to the condition of be-
ing Delaunay, but only the two triangles that conta@re considered. For instance, Figure 2.5 demonstrates
two different ways to triangulate a subset of four vertices. In the triangulation at left, thecasidcally
Delaunay, because the depicted containing circledifes not contain either of the vertices opposite the
two triangles that contain. In the triangulation at right; is not locally Delaunay, because the two vertices
oppositee preclude the possibility thathas an empty containing circle. Observe that if the triangles at left
are part of a larger triangulation,might not be Delaunay, because vertices may lie in the containing circle,
although they lie in neither triangle. However, such vertices have no bearing on whethereas tatally
Delaunay.

Whenever the flip algorithm identifies an edge that is not locally Delaunay, the eflippésl To flip an
edge is to delete it, thereby combining the two containing triangles into a singtaining quadrilateral
and then to insert the crossing edge of the quadrilateral. Hence, an edge flip could convert the triangulation
at left in Figure 2.5 into the triangulation at right, or vice versa. (The flip algorithm would perform only the
latter flip.) Not all triangulation edges are flippable, as Figure 2.6 shows, because the containing quadrilateral
of an edge might not be convex.



Delaunay Triangulations and Tetrahedralizations 15

w

(@) (b)

Figure 2.7:(a) Case where e is locally Delaunay. (b) Case where e is not locally Delaunay. The edge
created if e is flipped is locally Delaunay.

Lemma 2 Lete be an edge of a triangulation &f. Either e is locally Delaunay, ot is flippable and the
edge created by flippingis locally Delaunay.

Proof: Letv andw be the vertices opposite which together witte define the containing quadrilateral gf
illustrated in Figure 2.7. Lef’ be the circle that passes throughnd the endpoints ef Eitherw is strictly
insideC, orw lies on or outside”.

If w is on or outsideC, as in Figure 2.7(a), then the empty cirdledemonstrates that is locally
Delaunay.

If w is insideC, thenw is contained in the section @¥ defined bye and oppositey; this section is
shaded in Figure 2.7(b). The containing quadrilateral fthus constrained to be strictly convex, and the
edgee is flippable. Furthermore, the circle that passes thraughdw, and is tangent t¢’ at v, does not
contain the endpoints ef as Figure 2.7(b) demonstrates; hence the edges locally Delaunay. [ ]

The success of the flip algorithm relies on the fact, proven below, that if any edge of the triangulation is
not Delaunay, then there is an edge that is not locally Delaunay, and can thus be flipped.

Lemma 3 LetT be a triangulation whose edges are all locally Delaunay. Then every edgedblobally)
Delaunay.

Proof: Suppose for the sake of contradiction that all edg€es afe locally Delaunay, but some edgeTof
is not Delaunay. By Lemma 1, the latter assertion implies that some triagl€ is not Delaunay. Let
be a vertex inside the circumcircle gfand lete; be the edge of that separates from the interior oft, as
illustrated in Figure 2.8(a). Without loss of generality, assumedhat oriented horizontally, with below
€1.

Draw a line segment from the midpoint ef to v (see the dashed line in Figure 2.8(a)). ket e,
es, ..., ey, be the sequence of triangulation edges (from bottom to top) whose interiors this line segment
intersects. (If the line segment intersects some vertex otherwtheplacev with the first such vertex.)
Let w; be the vertex above; that forms a triangle; in conjunction withe;. Becausél" is a triangulation,
Wy, = V.
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(a) (b)

Figure 2.8:(a) If v lies inside the circumcircle of ¢, there must be an edge between v and ¢ that is not locally
Delaunay. (b) Because v lies above e; and inside the circumcircle of ¢, and because w; lies outside the
circumcircle of ¢, v must lie inside the circumcircle of ¢;.

By assumptione; is locally Delaunay, sa lies outside the circumcircle of As Figure 2.8(b) shows, it
follows that the circumcircle of; contains every point abowvg in the circumcircle of, and hence contains
v. Repeating this argument inductively, one finds that the circumcirclg, @ontainsy in its interior. But
w,, = v IS a vertex of,,,, which contradicts the claim thatis in the interior of the circumcircle df,,. =

An immediate consequence of Lemma 3 is that if a triangulation contains an edge that is not Delaunay,
then it contains an edge that is not locally Delaunay, and thus the flip algorithm may proceed. The following
lemma shows that the flip algorithm cannot become trapped in an endless loop.

Lemma 4 Given a triangulation of. vertices, the flip algorithm terminates aftéX(n?) edge flips, yielding
a triangulation whose edges are all Delaunay.

Proof: Let ®(T") be a function defined over all triangulations, equal to the number of vertex-triangle pairs
(v,t) such thaw is a vertex off, t is a triangle ofl", andv lies inside the circumcircle af Becausd™ has
n vertices and?(n) triangles,®(T) € O(n?).

Suppose an edge of T is flipped, forming a new triangulatioft’. Let ¢; andt, be the triangles
containinge, and letv; andwvs be the apices of; andt,. Because is not locally Delaunayy, is contained
in the circumcircle ofty, andwv, is contained in the circumcircle @f. Let ] andt, be the triangles that
replacet; andt, after the edge flip. LeC,, Cs, C], andC!, be the circumcircles of;, ts, ¢}, andt)
respectively, as illustrated in Figure 2.9(a).

It is not difficult to show that’; UCy D Cf U Y (Figure 2.9(b)) and’y NCy, D C;NCY (Figure 2.9(c)).
Therefore, if a vertex lies insiden, circumcircles of triangles df’, and hence contributes, to the count
®(T), thenw lies inside no more than, circumcircles of triangles df”, and contributes at most, to the
count®(7"). If, after the edge flip, a vertex is counted because it ligSiir C5, then it must have lain in
C1 or C before the edge flip; and if it lies in botti; andCY, then it must have lain in botty; andCs.

However, the vertices; andv, each lie in one less circumcircle than before the edge flip. For instance,
vy lay in Cq, but lies in neithelC] nor C5. Hence@(T") < ®(T) — 2.
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7N\
g B

Figure 2.9:(a) Circumcircles before and after an edge flip. (b) The union of the circumcircles afterward
(shaded) is contained in the union of the prior circumcircles. (c) The intersection of the circumcircles after-
ward (shaded) is contained in the intersection of the prior circumcircles.

W

W

Figure 2.10:f no four vertices are cocircular, two crossing edges cannot both be Delaunay.

The flip algorithm terminates afté?(n?) edge flips becausé € O(n?), every edge flip reduces by
at least two, and cannot fall below zero. The flip algorithm terminates only when every edge is locally
Delaunay; thus, by Lemma 3, every edge is Delaunay. [ ]

Theorem 5 Let V' be a set of three or more vertices in the plane that are not all collinear. If no four
vertices ofl are cocircular, the Delaunay triangulation &f is a triangulation, and is produced by the flip
algorithm.

Proof. Because the vertices &f are not all collinear, there exists a triangulationvaf By Lemma 4, the
application of the flip algorithm to any triangulation Bf produces a triangulatio®® whose edges are all
Delaunay.

| shall show that no other edge is Delaunay. Consider any edgeZ D, with vy, v € V. BecauseD
is a triangulationy;v9 must cross some edag w, € D. Becausev,w, is in D, it is Delaunay, and there
is a circleC passing throughy; andw, whose interior contains neithef norv,. Because no four vertices
are cocircular, at least one of andw, lies strictly outside”'. It follows that no empty circle passes through
v1 andwvs, hencevy vy is not Delaunay (see Figure 2.10).

Therefore,D is the Delaunay triangulation 6f. ]
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(a) (b) (©)
Figure 2.11:Three ways to define the Delaunay diagram in the presence of cocircular vertices. (a) Include

all Delaunay edges, even if they cross. (b) Exclude all crossing Delaunay edges. (c) Choose a subset of
Delaunay edges that forms a triangulation.

What if V' contains cocircular vertices? In this circumstance, the Delaunay triangulation may have
crossing edges, as illustrated in Figure 2.11(a). Because an arbitrarily small perturbation of the input vertices
can change the topology of the triangulatidhand its Delaunay triangulation are said todegenerate

The definition of “Delaunay triangulation” is usually modified to prevent edges from crossing. Occa-
sionally, one sees in the literature a definition wherein all such crossing edges are omitted; polygons with
more than three sides may appear in the Delaunay diagram, as Figure 2.11(b) shows. (The usefulness of this
definition follows in part because the graph thus defined is the geometric dual of the well-known Voronoi
diagram.) For most applications, however, it is desirable to have a true triangulation, and some of the De-
launay edges (and thus, some of the Delaunay triangles) are omitted to achieve this, as in Figure 2.11(c). In
this case, the Delaunay triangulation is no longer unique. The flip algorithm will find one of the Delaunay
triangulations; the choice of omitted Delaunay edges depends upon the starting triangulation. Because nu-
merical methods like the finite element method generally require a true triangulation, | will use this latter
definition of “Delaunay triangulation” throughout the rest of this document.

Delaunay triangulations are valuable in part because they have the following optimality properties.

Theorem 6 Among all triangulations of a vertex set, the Delaunay triangulation maximizes the minimum
angle in the triangulation, minimizes the largest circumcircle, and minimizes the largest min-containment
circle, where thanin-containment circlef a triangle is the smallest circle that contains it.

Proof: It can be shown that each of these properties is locally improved when an edge that is not locally
Delaunay is flipped. The optimal triangulation cannot be improved, and thus has no locally Delaunay edges.
By Theorem 5, a triangulation with no locally Delaunay edges is the Delaunay triangulation. ]

The property of max-min angle optimality was first noted by Lawson [59], and helps to account for
the popularity of Delaunay triangulations in mesh generation. Unfortunately, neither this property nor the
min-max circumcircle property generalizes to Delaunay triangulations in dimensions higher than two. The
property of minimizing the largest min-containment circle was first noted by D’Azevedo and Simpson [25],
and has been shown to hold for higher-dimensional Delaunay triangulations by Rajan [78].
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Figure 2.12:The Delaunay triangulation of a set of vertices does not usually solve the mesh generation
problem, because it may contain poor quality triangles and omit some domain boundaries.

Figure 2.13:By inserting additional vertices into the triangulation, boundaries can be recovered and poor
quality elements can be eliminated.

2.1.2 Planar Straight Line Graphs and Constrained Delaunay Triangulations

Given that the Delaunay triangulation of a set of vertices maximizes the minimum angle (in two dimensions),
why isn’'t the problem of mesh generation solved? There are two reasons, both illustrated in Figure 2.12,
which depicts an input object and a Delaunay triangulation of the object’s vertices. The first reason is that
Delaunay triangulations are oblivious to the boundaries that define an object or problem domain, and these
boundaries may or may not appear in a triangulation. The second reason is that maximizing the minimum
angle usually isn’t good enough; for instance, the bottommost triangle of the triangulation of Figure 2.12 is
quite poor.

Both of these problems can be solved by inserting additional vertices into the triangulation, as illustrated
in Figure 2.13. Chapters 3 and 4 will discuss this solution in detail. Here, however, | review a different
solution to the first problem that requires no additional vertices. Unfortunately, it is only applicable in two
dimensions.

The usual input for two-dimensional mesh generation is not merely a set of vertices. Most theoretical
treatments of meshing take as their inpytlanar straight line graph(PSLG). A PSLG is a set of vertices
and segments that satisfies two constraints. First, for each segment contained in a PSLG, the PSLG must
also contain the two vertices that serve as endpoints for that segment. Second, segments are permitted to
intersect only at their endpoints. (A set of segments that does not satisfy this condition can be converted into
a set of segments that does. Run a segment intersection algorithm [24, 85], then divide each segment into
smaller segments at the points where it intersects other segments.)

The constrained Delaunay triangulatiofCDT) of a PSLGX is similar to the Delaunay triangulation,
but every input segment appears as an edge of the triangulation. An edge or triangle is samhtstiaéned
Delaunayif it satisfies the following two conditions. First, its vertices atisible to each other. Here,
visibility is deemed to be obstructed if a segment¥fies between two vertices. Second, there exists a
circle that passes through the vertices of the edge or triangle in question, and the circle contains no vertices
of X that are visible from the interior of the edge or triangle.

Segments oX are also considered to be constrained Delaunay.

Figure 2.14 demonstrates examples of a constrained Delaunay eddea constrained Delaunay trian-
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Figure 2.14:The edge e and triangle ¢ are each constrained Delaunay. Bold lines represent segments.

@) (b) (©

Figure 2.15:(a) A planar straight line graph. (b) Delaunay triangulation of the vertices of the PSLG. (c)
Constrained Delaunay triangulation of the PSLG.

gle¢. Input segments appear as bold lines. Although there is no empty circle that centdiasdepicted
containing circle ok contains no vertices that are visible from the interioe.of here are two vertices inside
the circle, but both are hidden behind segments. Henteconstrained Delaunay. Similarly, the circum-
circle of ¢ contains two vertices, but both are hidden from the interiar lof segments, sbis constrained
Delaunay.

Is this notion of visibility ambiguous? For instance, what if a triandi@s a vertex in its circumcircle,
and a segment only partly obstructs the view, so thais visible from some points ihbut not others? In
this case, one of the endpointsélso lies in the circumcircle af sot is unambiguously not constrained
Delaunay. (This argument does not extend to three dimensions, unfortunately, which largely explains why
no consistent definition of constrained Delaunay tetrahedralization has been put forth.)

Figure 2.15 illustrates a PSLG, a Delaunay triangulation of its vertices, and a constrained Delaunay
triangulation of the PSLG. Some of the edges of the CDT are constrained Delaunay but not Delaunay. Take
note: constrained Delaunay triangulations are not necessarily Delaunay triangulations.

Like Delaunay triangulations, constrained Delaunay triangulations can be constructed by the flip algo-
rithm. However, the flip algorithm should begin with a triangulation whose edges include all the segments
of the input PSLG. To show that such a triangulation always exists (assuming the input vertices are not all
collinear), begin with an arbitrary triangulation of the vertices of the PSLG. Examine each input segment
in turn to see if it is missing from the triangulation. Each missing segment is forced into the triangulation
by deleting all the edges it crosses, inserting the new segment, and retriangulating the two resulting poly-
gons (one on each side of the segment), as illustrated in Figure 2.16. (For a proof that any polygon can be



Delaunay Triangulations and Tetrahedralizations 21

Figure 2.16:nserting a segment into a triangulation.

triangulated, see Bern and Eppstein [10].)

Once a triangulation containing all the input segments is found, the flip algorithm may be applied, with
the provision that segments cannot be flipped. The following results may be proven analogously to the
proofs in Section 2.1.1. The only changes that need be made in the proofs is to ignore the presence of
vertices that are hidden behind input segments.

Lemma 7 LetT be a triangulation. If all the triangles df" are constrained Delaunay, then all the edges of
T are constrained Delaunay, and vice versa. ]

Lemma 8 LetT be a triangulation whose unconstrained edges (those that do not represent input segments)
are all locally Delaunay. Then every edgeois (globally) constrained Delaunay. ]

Lemma 9 Given a triangulation ofn vertices in which all input segments are represented as edges, the
flip algorithm terminates afte©(n?) edge flips, yielding a triangulation whose edges are all constrained
Delaunay. |

Theorem 10 Let X be a PSLG containing three or more vertices that are not all collinear. If no four vertices
of X are cocircular, the constrained Delaunay triangulationXfis a triangulation, and is produced by the
flip algorithm. ]

Theorem 11 Among all constrained triangulations of a PSLG, the constrained Delaunay triangulation
maximizes the minimum angle, minimizes the largest circumcircle, and minimizes the largest min-contain-
ment circle. ]

In the case where an input PSLG has no segments, the constrained Delaunay triangulation reduces to the
Delaunay triangulation. Hence, by proving these results for the CDT, they are also proven for the Delaunay
triangulation. However, | instead presented the simpler proofs for the Delaunay triangulation to aid clarity.

2.1.3 The Delaunay Tetrahedralization

The Delaunay tetrahedralization of a vertex8at a straightforward generalization of the Delaunay trian-
gulation to three dimensions. An edge, triangular face, or tetrahedron whose vertices are meribiers of

said to beDelaunayif there exists an empty sphere that passes through all its vertices. If no five vertices

are cospherical, the Delaunay tetrahedralization is a tetrahedralization and is unique. If cospherical vertices
are present, it is customary to define the Delaunay tetrahedralization to be a true tetrahedralization. As with
degenerate Delaunay triangulations, a subset of the Delaunay edges, faces, and tetrahedra may have to be
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Figure 2.17:This hexahedron can be tetrahedralized in two ways. The Delaunay tetrahedralization (left)
includes an arbitrarily thin tetrahedron known as a sliver, which could compromise the accuracy of a fi-
nite element simulation. The non-Delaunay tetrahedralization on the right consists of two nicely shaped
elements.

omitted to achieve this, thus sacrificing uniqueness. The definition of Delaunay triangulation generalizes to
dimensions higher than three as well.

| have mentioned that the max-min angle optimality of the two-dimensional Delaunay triangulation, first
shown by Lawson [59], does not generalize to higher dimensions. Figure 2.17 illustrates this unfortunate
fact with a three-dimensional counterexample. A hexahedron is illustrated at top. Its Delaunay tetrahe-
dralization, which appears at lower left, includes a thin tetrahedron knowrskgeaor kite, which may
have dihedral angles arbitrarily close@®and180°. A better quality tetrahedralization of the hexahedron
appears at lower right.

Edge flips, discussed in Section 2.1.1, have a three-dimensional analogue, which toggles between these
two tetrahedralizations. There are two types of flips in three dimensions, both illustrated in Figure 2.18. A
2-3 flip transforms the two-tetrahedron configuration into the three-tetrahedron configuration, eliminating
the face/\cde and inserting the edgéh and three triangular faces connectiftgto c, d, ande. A 3-2 flipis
the reverse transformation, which deletes the edgand inserts the facécde.

Recall from Figure 2.6 that a two-dimensional edge flip is not possible if the containing quadrilateral of
an edge is not strictly convex. Similarly, a three-dimensional flip is not possible if the containing hexahedron
of the edge or face being considered for elimination is not strictly convex. A 2-3 flip is prevented if the line
ab does not pass through the interior of the facale. A 3-2 flip is prevented iAcde does not pass through
the interior of the edgeb (Figure 2.18, bottom).

Although the idea of a flip generalizes to three or more dimensions, the flip algorithm in its simplest
form does not. Joe [52] gives an example that demonstrates that if the flip algorithm starts from an arbi-
trary tetrahedralization, it may become stuck in a local optimum, producing a tetrahedralization that is not
Delaunay. The tetrahedralization may contain a locally non-Delaunay face that cannot be flipped because
its containing hexahedron is not convex, or a locally non-Delaunay edge that cannot be flipped because it is
contained in more than three tetrahedra.

It is not known whether an arbitrary tetrahedralization can always be transformed into another arbitrary
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Figure 2.18:Flips in three dimensions. The two-tetrahedron configuration (left) can be transformed into the
three-tetrahedron configuration (right) only if the line ab passes through the interior of the triangular face
Acde. The three-tetrahedron configuration can be transformed into the two-tetrahedron configuration only
if the plane containing Acde passes through the interior of the edge ab.

tetrahedralization of the same vertex set through a sequence of flips. Nevertheless, Delaunay tetrahedraliza-
tions can be constructed by an incremental insertion algorithm based on flips, discussed in Section 2.1.4.

Any algorithm based on flips in dimensions greater than two must give some consideration to the pos-
sibility of coplanar vertices. For instance, a three-dimensional flip-based incremental Delaunay tetrahedral-
ization algorithm must be able to explicitly or implicitly perform thed flip demonstrated in Figure 2.19.

This transformation is handy when the vertieed, e, andf are coplanar. This flip is directly analogous to
the two-dimensional edge flip, wherein the edffds replaced by the edges. 4-4 flips are used often in
cases where, d, e, andf lie on an interior boundary facet of an object being meshed. One should be aware
of the special case whetgd, e, andf lie on an exterior boundary, and the top two tetrahedra, as well as the
vertexa, are missing. One might refer to this case as a 2-2 flip.

A programmer does not need to implement the 4-4 flip directly, because its effect can be duplicated
by performing a 2-3 flip (for instance, on tetrahedralf andadef) followed by a 3-2 flip. However, this
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Figure 2.19:A 4-4 flip. The vertices ¢, d, e, and f are coplanar. This transformation is analogous to the
two-dimensional edge flip (bottom).
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sequence transiently creates a sliver tetrahedfef (created by the first flip and eliminated by the second)
with zero volume, which may be considered undesirable. It is up to the individual programmer to decide
how best to address this issue.

Although Delaunay tetrahedralizations are invaluable for three-dimensional mesh generation, they are
in many ways more limited than their two-dimensional brethren. The first difficulty is that, whereas every
polygon can be triangulated (without creating additional vertices), there are polyhedra that cannot be tetrahe-
dralized. Scbhihardt furnishes an example depicted in Figure 2.20 (right). The easiest way to envision this
polyhedron is to begin with a triangular prism. Imagine grasping the prism so that one of its two triangular
faces cannot move, while the opposite triangular face is rotated slightly about its center without moving out
of its plane. As a result, each of the three square faces is broken along a disgflExaédggan edge at
which the polyhedron is locally concave) into two triangular faces. After this transformation, the upper left
corner and lower right corner of each (former) square face are separated by a reflex edge and are no longer
visible to each other through the interior of the polyhedron. Hence, no vertex of the top face can see all three
vertices of the bottom face. It is not possible to choose four vertices of the polyhedron that do not include
two separated by a reflex edge; thus, any tetrahedron whose vertices are vertices of the polyhedron will not
lie entirely within the polyhedron. Somhardt’'s polyhedron cannot be tetrahedralized without inserting new
vertices.

Nevertheless, any convex polyhedron can be tetrahedralized. However, it is not always possible to
tetrahedralize a convex polyhedron in a manner that conforms to interior boundaries, because those interior
boundaries could be the facets of 8nhardt’s polyhedron. Hence, constrained tetrahedralizations do not
always exist. What if we forbid constrained facets, but permit constrained segments? Figure 2.21 illustrates
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Figure 2.20:Schonhardt’s untetrahedralizable polyhedron (right) is formed by rotating one end of a triangu-
lar prism (left), thereby creating three diagonal reflex edges.
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Figure 2.21:A set of vertices and segments for which there is no constrained tetrahedralization.

a set of vertices and segments for which a constrained tetrahedralization does not exist. (The convex hull, a
cube, is illustrated for clarity, but no constrained facets are present in the input.) Three orthogonal segments
pass by each other near the center of the cube, but do not intersect. If any one of these segments is omitted,
a tetrahedralization is possible. Hence, unlike the two-dimensional case, it is not always possible to insert a
new segment into a tetrahedralization.

Even in cases where a constrained tetrahedralization does exist, nobody has yet put forth a convincing
definition ofconstrained Delaunay tetrahedralizatiolt seems unlikely that there exists a definition that has
the desired qualities of uniqueness, symmetry, and rotational invariance (in nondegenerate cases). This dif-
ficulty arises because, whereas a segment cleanly partitions a circumcircle in two dimensions, except when
an endpoint of the segment lies in the circle, segments and facets do not necessarily partition circumspheres
in three dimensions.

Another nail in the coffin of constrained tetrahedralizations comes from Ruppert and Seidel [83], who
show that the problem of determining whether or not a polyhedron can be tetrahedralized without additional
vertices is NP-complete. Hence, the prospects for developing constrained tetrahedralization algorithms that
consistently recover boundaries are pessimistic.

The mesh generation algorithm discussed in Chapter 4 recovers boundaries by strategically inserting
additional vertices. Unfortunately, Ruppert and Seidel also show that the problem of determining whether a
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Figure 2.22:The Bowyer/Watson algorithm in two dimensions. When a new vertex is inserted into a trian-
gulation (left), all triangles whose circumcircles contain the new vertex are deleted (center; deleted triangles
are shaded). Edges are created connecting the new vertex to the vertices of the insertion polyhedron (right).

polyhedron can be tetrahedralized with oklhadditional vertices is NP-complete. On the bright side, Bern
and Eppstein [10] show that any polyhedron can be tetrahedralized with the insertim9f additional
vertices, so the demands of tetrahedralization are not limitless.

2.1.4 Algorithms for Constructing Delaunay Triangulations

Three types of algorithms are in common use for constructing Delaunay triangulations. The simplest are
incremental insertion algorithms, which have the advantage of generalizing to arbitrary dimensionality, and
will be discussed in some depth here. In two dimensions, there are faster algorithms based upon divide-and-
conquer and sweepline techniques, which will be discussed here only briefly. Refer to Su and Drysdale [91,
90] for an informative overview of these and other two-dimensional Delaunay triangulation algorithms. The
discussion below is centered on abstract features of the algorithms; see Section 5.1 for further details on
implementation.

Incremental insertion algorithms operate by maintaining a Delaunay triangulation, into which vertices
are inserted one at a time. The earliest such algorithm, introduced by Lawson [59], is based upon edge flips.
An incremental algorithm that does not use edge flips, and has the advantage of generalizing to arbitrary
dimensionality, was introduced simultaneously by Bowyer [12] and Watson [93]. These two articles appear
side-by-side in a single issue of the Computer Jodtrialvill examine the Bowyer/Watson algorithm first,
and then return to the algorithm of Lawson.

In the Bowyer/Watson algorithm, when a new vertex is inserted, each triangle whose circumcircle con-
tains the new vertex is no longer Delaunay, and is thus deleted. All other triangles remain Delaunay, and are
left undisturbed. The set of deleted triangles collectively fornmaertion polyhedronwhich is left vacant
by the deletion of these triangles, as illustrated in Figure 2.22. The Bowyer/Watson algorithm connects each
vertex of the insertion polyhedron to the new vertex with a new edge. These new edges are Delaunay due to
the following simple lemma.

Lemma 12 Letv be a newly inserted vertex, and tetbe a vertex of a triangle that is deleted because its
circumcircle containg. Thenvw is Delaunay.

Proof: See Figure 2.23. The circumcircle btontains no vertex but. Let C' be the circle that passes
throughv andw, and is tangent to the circumcircle batw. C is empty, saw is Delaunay. ]

!The two algorithms are similar in all essential details, but Bowyer reports a better asymptotic running time than Watson, which
on close inspection turns out to be nothing more than an artifact of his more optimistic assumptions about the speed of point
location.
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Figure 2.23:1f v is a newly inserted vertex, and w is a vertex of a triangle ¢ whose circumcircle contains
only v, then vw is Delaunay.
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Figure 2.24:The Bowyer/Watson algorithm in three dimensions. At left, a new vertex falls inside the cir-
cumspheres of the two tetrahedra illustrated. (These tetrahedra may be surrounded by other tetrahedra,
which for clarity are not shown.) These tetrahedra are deleted, along with the face (shaded) between them.
At center, the five new Delaunay edges (bold dashed lines). At right, the nine new Delaunay faces (one for
each edge of the insertion polyhedron) are drawn translucent. Six new tetrahedra are formed.

All new edges created by the insertion of a verteltavev as an endpoint. This must be true of any
correct incremental insertion algorithm, because if an edge (not havasgan endpoint) is not Delaunay
beforew is inserted, it will not be Delaunay afteris inserted.

The Bowyer/Watson algorithm extends in a straightforward way to three (or more) dimensions. When
a new vertex is inserted, every tetrahedron whose circumsphere contains the new vertex is deleted, as illus-
trated in Figure 2.24. The new vertex then floats inside a hait@rtion polyhedronwhich is the union
of the deleted tetrahedra. Each vertex of the insertion polyhedron is connected to the new vertex with a new
edge. Each edge of the insertion polyhedron is connected to the new vertex with a new triangular face.

In its simplest form, the Bowyer/Watson algorithm is not robust against floating-point roundoff error.
Figure 2.25 illustrates a degenerate example in which two triangles have the same circumcircle, but due to
roundoff error only one of them is deleted, and the triangle that remains stands between the new vertex and
the other triangle. The insertion polyhedron is not simple, and the triangulation that results after the new
triangles are added is nonsensical.

In two dimensions, this problem may be avoided by returning to Lawson’s algorithm [59], which is
based upon edge flips. Lawson’s algorithm is illustrated in Figure 2.26.

When a vertex is inserted, the triangle that contains it is found, and three new edges are inserted to
attach the new vertex to the vertices of the containing triangle. (If the new vertex falls upon an edge of the
triangulation, that edge is deleted, and four new edges are inserted to attach the new vertex to the vertices
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Figure 2.25:The Bowyer/Watson algorithm may behave nonsensically under the influence of floating-point

roundoff error.
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Figure 2.26:Lawson’s incremental insertion algorithm uses edge flipping to achieve the same result as the
Bowyer/Watson algorithm.

of the containing quadrilateral.) Next, a recursive procedure tests whether the new vertex lies within the
circumcircles of any neighboring triangles; each affirmative test triggers an edge flip that removes a locally
non-Delaunay edge. Each edge flip reveals two additional edges that must be tested. When there are no
longer any locally non-Delaunay edges opposite the new vertex, the triangulation is globally Delaunay.

Disregarding roundoff error, Lawson’s algorithm achieves exactly the same result as the Bowyer/Watson
algorithm. In the presence of roundoff error, Lawson’s algorithm avoids the catastrophic circumstance
illustrated in Figure 2.25. Lawson’s algorithm is not absolutely robust against roundoff error, but failures
are rare compared to the mostv&form of the Bowyer/Watson algorithm. However, the Bowyer/Watson
algorithm can be implemented to behave equally robustly; for instance, the insertion polygon may be found
by depth-first search from the initial triangle.

A better reason for noting Lawson'’s algorithm is that it is slightly easier to implement, in part because the
topological structure maintained by the algorithm remains a triangulation at all times. Guibas and Stolfi [47]
provide a particularly elegant implementation.

Joe [53, 54] and Rajan [78] have generalized Lawson'’s flip-based algorithm to arbitrary dimensionality.
Of course, these algorithms have the same effect as the Bowyer/Watson algorithm, but may present the same
advantages for implementation that Lawson'’s algorithm offers in two dimensions.

| do not review the mathematics underpinning three-dimensional incremental insertion based on flips,
but | shall try to convey some of the intuition behind it. Returning first to the two-dimensional algorithm,
imagine yourself as an observer standing at the newly inserted vertex. From your vantage point, suppose
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Figure 2.27:Left: The shaded triangles are considered to be visible from the new vertex, and are considered
for removal (by edge flip). Right: Triangles under consideration for removal fall into two categories. The
upper right triangle has an apex (open circle) visible through its base edge e from the new vertex. Only one
of this triangle’s sides faces the new vertex. The lower right triangle has an apex (the same open circle)
that is not visible through its base edge ¢', and thus the base edge cannot be flipped. Two of this triangle’s
sides face the new vertex.

that any triangle (not adjoining the new vertex) is visible to you if it might be eligible for removal by the
next edge flip. These triangles are shaded in Figure 2.27.

For each such triangle, there are two cases. The apex of the triangle (the vertex hidden from your view)
may or may not fall within the sector of your vision subtended by the base edge of the triangle. If the apex
falls within this sector, then only the base edge of the triangle faces toward you; the other two sides face
away (see the upper right triangle of Figure 2.27). If the apex falls outside this sector, then two sides of the
triangle face toward you (see the lower right triangle of Figure 2.27). In the latter case, the base edge cannot
be flipped, because its containing quadrilateral is not strictly convex.

Returning to the three-dimensional case, imagine yourself as a vertex that has just been inserted inside
a tetrahedron, splitting it into four tetrahedra. As you look around, you see the four faces of the original
tetrahedron, and the neighbor tetrahedra behind these faces (which are analogous to the shaded triangles in
Figure 2.27).

For each neighbor tetrahedron, there are three possibilities. The tetrahedron might have one face directed
toward you and three away (Figure 2.28, left), in which case a 2-3 flip is possible. If performed, this flip
deletes the visible face, revealing the three back faces, and creates a new edge extending from the new vertex
(your viewpoint) to the newly revealed vertex in the back. The flip also creates three new faces, extending
from the new vertex to the three newly revealed edges.

If the tetrahedron has two faces directed toward you (Figure 2.28, center), and neither face is obscured by
an interposing tetrahedron, a 3-2 flip is possible. If performed, this flip deletes both visible faces, revealing
the two back faces. A new face is created, extending from the new vertex to the newly revealed edge.

If the tetrahedron has three faces directed toward you (Figure 2.28, right), no flip is possible.

| have omitted the degenerate case in which you find yourself precisely coplanar with one face of the
tetrahedron, with one other face directed toward you and two directed away. This circumstance would appear
similar to the upper left image of Figure 2.28, but witllirectly behind the edgeb. If the new vertex falls
within the circumcircle of the facé\abd, thenabcd is no longer Delaunay, and the aforementioned 4-4 flip
may be used, thus eliminating both tetrahedra adjoidiagd.

Each flip uncovers two to four new faces, possibly leading to additional flips.

This discussion of incremental insertion algorithms in two and three dimensions has assumed that alll
new vertices fall within the existing triangulation. What if a vertex falls outside the convex hull of the
previous vertices? One solution is to handle this circumstance as a special case. New triangles or tetrahedra
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Figure 2.28:Three orientations of a tetrahedron as viewed from a newly inserted vertex p. Left: One face
of tetrahedron abed is directed toward p. If abed is no longer Delaunay, a 2-3 flip deletes the face Aabe,
replacing the tetrahedra abed and abep with abdp, bedp, and cadp. Center: Two faces of tetrahedron efgh
are directed toward p. If neither face is obscured by another tetrahedron, and efgh is no longer Delaunay,
a 3-2 flip deletes the edge eg and faces Aegf, Aegh, and Aegp, replacing the tetrahedra efgh, efgp, and
ghep with fghp and hefp. Right: Three faces of a tetrahedron are directed toward p. No flip is possible.

are created to connect the new vertex to all the edges or faces of the convex hull visible from that vertex.
Then, flipping may proceed as usual. An alternative solution that simplifies programming is to bootstrap
incremental insertion with a very large triangular or tetrahedral bounding box that contains all the input
vertices. After all vertices have been inserted, the bounding box is removed as a postprocessing step. The
problem with this approach is that one must be careful to choose the vertices of the bounding box so that
they do not cause triangles or tetrahedra to be missing from the final Delaunay triangulation.

Assuming that one has found the triangle or tetrahedron in which a new vertex is to be inserted, the
amount of work required to insert the vertex is proportional to the number of flips, which is typically small.
Pathological cases can occur in which a single vertex insertion ca&gesflips in two dimensions, or
O(n?) in three; but such cases arise rarely in mesh generation, and it is common to observe that the average
number of flips per insertion is a small constant.

In two dimensions, this observation is given some support by a simple theoretical result. Suppose one
wishes to construct, using Lawson’s algorithm, the Delaunay triangulation of a set of vertices that is entirely
known at the outset. If the input vertices are inserted in a random order, chosen uniformly from all possible
permutations, then the expected number of edge flips per vertex insertion is bounded below three.

This elegant result seems to originate with Chew [20], albeit in the slightly simpler context of Delaunay
triangulations of convex polygons. This result was proven more generally by Guibas, Knuth, and Sharir [46],
albeit with a much more complicated proof than Chew’s. The result is based on the observation that when a
vertex is inserted, each edge flip increases by one the degree of the new vertex. Hence, if the insertion of a
vertex causes four edge flips, there will be seven edges incident to that vertex. (The first three edges connect
the new vertex to the vertices of the triangle in which it falls, and the latter four are created through edge

flips.)
Here, the technique dfackward analysiss applied. The main principle of backward analysis is that
after an algorithm terminates, one imagines reversing time and examining the algorithm’s behavior as it

runs backward to its starting state. In the case of Lawson’s algorithm, one begins with a complete Delaunay
triangulation of all the input vertices, and removes one vertex at a time.
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Figure 2.29:The algorithm of Guibas, Knuth, and Sharir maintains a mapping between uninserted vertices
(open circles) and triangles. The bounding box vertices and the edges incident to them are not shown.
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The power of backward analysis stems from the fact that a uniformly chosen random permutation read
backward is still a uniformly chosen random permutation. Hence, one may imagine that triangulation ver-
tices are being randomly selected, one at a time from a uniform distribution, for removal from the trian-
gulation. With time running backward, the amount of time spent removing a vertex from the triangulation
is proportional to the degree of the vertex. Because the average degree of vertices in a planar graph is
bounded below six, the expected humber of edge flips observed when a randomly chosen vertex is removed
is bounded below three.

Hence, when Lawson'’s algorithm is running forward in time, the expected humber of edge flips required
to insert a vertex is at most three. Unfortunately, this result is not strictly applicable to most Delaunay-based
mesh generation algorithms, because the entire set of vertices is not known in advance, and thus the vertex
insertion order cannot be randomized. Nevertheless, the result gives useful intuition for why constant-time
vertex insertion is so commonly observed in mesh generation.

Unfortunately, when finding the Delaunay triangulation of an arbitrary set of vertices, edge flips are not
the only cost. In many circumstances, the dominant cost is the time requir@difdrlocation finding
the triangle or tetrahedron in which a vertex lies, so that the vertex may be inserted. Fortunately, most
Delaunay-based mesh generation algorithms insert most of their vertices in places that have already been
identified as needing refinement, and thus the location of each new vertex is already known. However, in a
general-purpose Delaunay triangulator, point location is expensive.

In two dimensions, point location can be performed in expected amort¥&e; n) time per vertex,
wheren is the number of vertices in the mesh. Clarkson and Shor [24] were the first to achieve this bound,
again by inserting the vertices in random order. Clarkson and Shor perform point location by maintaining
aconflict graph which is a bipartite graph that associates edges of the triangulation with vertices that have
not yet been inserted. Specifically, the conflict graph associates each uninserted vertex with the edges of
that vertex’s insertion polygon (including triangulation edges in the interior of the insertion polygon). The
conflict graph is updated with each vertex insertion.

Rather than explain the Clarkson and Shor algorithm in detail, | present a simpler variant due to Guibas,
Knuth, and Sharir [46]. For simplicity, assume that a large bounding box is used to contain the input vertices.
One version of the algorithm of Guibas et al. maintains a simpler conflict graph in which each uninserted
vertex is associated with the triangle that contains it (Figure 2.29, left). If a vertex lies on an edge, either
containing triangle is chosen arbitrarily.

When a triangle is divided into three triangles (Figure 2.29, center) or an edge is flipped (Figure 2.29,
right), the vertices in the deleted triangle(s) are redistributed among the new triangles as dictated by their
positions. When a vertex is chosen for insertion, its containing triangle is identified by using the conflict
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graph. The dominant cost of the algorithm is the cost of redistributing uninserted vertices to their new
containing triangles each time a vertex is inserted.

Although Clarkson and Shor [24] and Guibas et al. [46] both provide ways to analyze this algorithm,
the simplest analysis originates with Kenneth Clarkson and is published in a report by Seidel [85]. Here |
give a rough sketch of the proof, which relies on backward analysis. Suppose the Delaunay triangulation
of n vertices is being constructed. Consider the step wher¢in-a1)-vertex triangulation is converted
into ap-vertex triangulation by inserting a randomly chosen vertex; but consider running the step in reverse.
In the backward step, a random vertexf the p-vertex triangulation is chosen for deletion. What is the
expected number of vertices that are redistributed? Each triangle of the triangulation has three vertices,
so the probability that any given triangle is deleted wheis deleted is%. (The probability is actually

slightly smaller, because some triangles have vertices of the bounding bo%,i:*.)mn upper bound.) If
a triangle is deleted, all vertices assigned to that triangle are redistributed. Eachnof-theuninserted
vertices is assigned to exactly one triangle; so by linearity of expectation, the expected number of vertices
redistributed whem is deleted (or, if time is running forward, insertedﬁﬁgz;—”). Hence, the running time

of the algorithm isy>?_, 22 € O(nlogn).

The same analysis technique can be used, albeit with complications, to show that incremental Delaunay
triangulation in higher dimensions can run in randomig¥e,4/2!) time. Consult Seidel [85] for details.

The firstO(n log n) algorithm for two-dimensional Delaunay triangulation was not an incremental algo-
rithm, but a divide-and-conquer algorithm. Shamos and Hoey [86] developed an algorithm for the construc-
tion of a Voronoi diagram, which may be easily dualized to form a Delaunay triangulation. In programming
practice, this is an unnecessarily difficult procedure, because forming a Delaunay triangulation directly is
much easier, and is in fact the easiest way to construct a Voronoi diagram. Lee and Schachter [60] were the
first to publish a divide-and-conquer algorithm that follows this easier path. The algorithm is nonetheless
intricate, and Guibas and Stolfi [47] provide an important aid to programmers by filling out many tricky
implementation details. Dwyer [30] offers an interesting modification to divide-and-conquer Delaunay tri-
angulation that achieves better asymptotic performance on some vertex sets, and offers improved speed
in practice as well. There is also &\(n logn) algorithm for constrained Delaunay triangulations due to
Chew [18]. Divide-and-conquer Delaunay triangulation is discussed further in Section 5.1.

Another well-knownO(n log n) two-dimensional Delaunay triangulation algorithm is Fortune’s sweep-
line algorithm [31].

2.2 Research in Mesh Generation

The discussion in this chapter has heretofore been concerned with triangulations of complete vertex sets. Of
course, a mesh generator rarely knows all the vertices of the final mesh prior to triangulation, and the real
problem of meshing is deciding where to place vertices to ensure that the mesh has elements of good quality
and proper sizes.

| attempt here only the briefest of surveys of mesh generation algorithms. Detailed surveys of the mesh
generation literature have been supplied by Thompson and Weatherill [92] and Bern and Eppstein [10]. |
focus my attention on algorithms that make use of Delaunay triangulations, and on algorithms that achieve
provable bounds. | postpone three algorithms, due to L. Paul Chew and Jim Ruppert, that share both these
characteristics. They are described in detail in Chapter 3.

Only simplicial mesh generation algorithms are discussed here; algorithms for generating quadrilateral,
hexahedral, or other non-simplicial meshes are omitted. The most popular approaches to triangular and
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tetrahedral mesh generation can be divided into three classes: Delaunay triangulation methods, advancing
front methods, and methods based on grids, quadtrees, or octrees.

2.2.1 Delaunay Mesh Generation

It is difficult to trace who first used Delaunay triangulations for finite element meshing, and equally difficult

to tell where the suggestion arose to use the triangulation to guide vertex creation. These ideas have been
intensively studied in the engineering community since the mid-1980s, and began to attract interest from the
computational geometry community in the early 1990s.

I will name only a few scattered references from the voluminous literature. Many of the earliest papers
suggest performing vertex placement as a separate step, typically using structured grid techniques, prior to
Delaunay triangulation. For instance, Cavendish, Field, and Frey [17] generate grids of vertices from cross-
sections of a three-dimensional object, then form their Delaunay tetrahedralization. The idea of using the
triangulation itself as a guide for vertex placement followed quickly; for instance, Frey [41] removes poor
guality elements from a triangulation by inserting new vertices at gigiumcenters-the centers of their
circumcircles—while maintaining the Delaunay property of the triangulation. This idea went on to bear
vital theoretical fruit, as Chapters 3 and 4 will demonstrate.

| have mentioned that the Delaunay triangulation of a vertex set may be unsatisfactory for two reasons:
elements of poor quality may appear, and input boundaries may fail to appear. Both these problems have
been treated in the literature. The former problem is typically treated by inserting new vertices at the
circumcenters [41] or centroids [94] of poor quality elements. Itis sometimes also treated with an advancing
front approach, discussed briefly in Section 2.2.2.

The problem of the recovery of missing boundaries may be treated in several ways. These approaches
have in common that boundaries may have to be broken up into smaller pieces. For instance, each input
segment is divided into a sequence of triangulation edges which $uadlegmentsvith a vertex inserted
at each division point. In three dimensions, each facet of an object to be meshed is divided into triangular
faces which | calsubfacetsVertices of the tetrahedralization lie at the corners of these subfacets.

In the earliest publications, boundary integrity was assured simply by spacing vertices sufficiently
closely together on the boundary prior to forming a triangulation [41]—surely an error-prone approach.
A better way to ensure the presence of input segments is to first form the triangulation, and then check
whether any input segments are missing.

Missing segments can be recovered by one of several methods, which work in two or three dimensions.
One method inserts a new vertex (while maintaining the Delaunay property of the mesh) at the midpoint
of any missing segment, splitting it into two subsegments [94]. Sometimes, the two subsegments appear
as edges of the resulting triangulation. If not, the subsegments are recursively split in turn. This method,
sometimes calledtitching is described in more detail in Section 3.3.1. Although it is not obvious how this
method might generalize to three-dimensional facet recovery, | will demonstrate in Section 4.2.1 that this
generalization is possible and has some advantages over the next method | describe.

Another method, usually only used in three dimensions, can be applied to recover both missing segments
and missing facets. This method inserts a new vertex wherever a face or edge of the triangulation intersects
a missing segment or facet [95, 48, 96, 79]. The method is often coupled with flips [43, 95], which are used
to reduce the number of vertices that must be inserted. The pessimistic results on constrained tetrahedral-
izations in Section 2.1.3 imply that, in three dimensions, flips cannot always achieve boundary recovery on
their own; in some cases, new vertices must inevitably be inserted to fully recover a boundary.

Boundary recovery methods will be discussed further in Sections 3.3.1, 4.2.1, and 5.3.1.
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Figure 2.30:Several stages in the progression of an advancing front algorithm.

2.2.2 Advancing Front Methods

Advancing frontmethods [62, 6, 51, 64] begin by dividing the boundaries of the mesh into edges (in two
dimensions) or triangular faces (in three). These discretized boundaries form thefrimitialTriangles or
tetrahedra are generated one-by-one, starting from the boundary edges or faces, and work toward the center
of the region being meshed, as illustrated in Figure 2.30. The inner surface of these elements collectively
form anadvancing front

Advancing front methods require a good deal of second-guessing, first to ensure that the initial division
of the boundaries is prudent, and second to ensure that when the advancing walls of elements collide at
the center of the mesh, they are merged together in a manner that does not compromise the quality of the
elements. In both cases, a poor choice of element sizes may result in disaster, as when a front of small
elements collides with a front of large elements, making it impossible to fill the space between with nicely
shaped elements. These problems are sufficiently difficult that there are, to my knowledge, no provably
good advancing front algorithms. Advancing front methods typically create astonishingly good triangles or
tetrahedra near the boundaries of the mesh, but are much less effective where fronts collide.

In three dimensions, generating the surface mesh may be a difficult problem itself. Ironically, the mesh
generator described by Marcum and Weatherill [63] uses a Delaunay-based mesh generator to create a
complete tetrahedralization, then throws away the tetrahedralization except for the surface mesh, which is
used to seed their advancing front algorithm.

Mavriplis [64] combines the Delaunay triangulation and advancing front methods. The combination
makes a good deal of sense, because a Delaunay triangulation in the interior of the mesh is a useful search
structure for determining how close different fronts are to each other. (Some researchers use background
grids for this task.) Conversely, the advancing front method may be used as a vertex placement method
for Delaunay meshing. A sensible strategy might be to abandon the advancing front shortly before fronts
collide, and use a different vertex placement strategy (such as inserting vertices at circumcenters or centroids
of poor quality elements) in the center of the mesh, where such strategies tend to be most effective.

Figure 2.31 depicts one of the world’s most famous meshes, generated by an advancing front method
of Barth and Jesperson [9]. The mesh is the Delaunay triangulation of vertices placed by a procedure
moving outward from this airfoil. Of course, the problems associated with colliding fronts are reduced in
circumstances like this, where one is meshing the exterior, rather than the interior, of an object.

2.2.3 Grid, Quadtree, and Octree Methods

The last decade has seen the emergence of mesh generation algorithms with provably good bounds.

Baker, Grosse, and Rafferty [5] gave the first algorithm to triangulate PSLGs with guaranteed upper
and lower bounds on element angle. By placing a fine uniform grid over a PSLG, warping the edges of the
grid to fit the input segments and vertices, and triangulating the warped grid, they are able to construct a
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Figure 2.31:Mesh produced by an advancing front, moving outward from an airfoil.

(a) (b)

Figure 2.32:(a) A quadtree. (b) A quadtree-based triangulation of a vertex set, with no angle smaller than
20° (courtesy Marshall Bern).

triangular mesh whose angles are bounded betwgemand90° (except where the input PSLG has angles
smaller thari 3°; these cannot be improved). The elements of the mesh are of uniform size.

To produce graded meshes, some researchers have turgeddivees A quadtree is a recursive data
structure used to efficiently manipulate multiscale geometric objects in the plane. Quadtrees recursively par-
tition a region into axis-aligned squares. A top-level square calletbtiteencloses the entire input PSLG.

Each quadtree square can be divided into fthild squares, which can be divided in turn, as illustrated in
Figure 2.32(a) Octreesare the generalization of quadtrees to three dimensions; each cube in an octree can
be subdivided into eight cubes. See Samet [84] for a survey of quadtree data structures.

Meshing algorithms based on quadtrees and octrees have been used extensively in the engineering com-

munity for over a decade [98, 99, 87]. Their first role in mesh generation with provable bounds appears in

a paper by Bern, Eppstein, and Gilbert [11]. The Bern et al. algorithm triangulates a polygon with guaran-
teed bounds on both element quality and the number of elements produced. All angles (except small input
angles) are greater than roughly.4°, and the mesh is size-optimal (as defined in Section 1.4). The angle
bound applies to triangulations of polygons with polygonal holes, but cannot be extended to general PSLGs,
as Section 3.6 will show. Figure 2.32(b) depicts a mesh generated by one variant of the Bern et al. algorithm.
For this illustration, a set of input vertices was specified (with no constraining segments), and a mesh was
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Figure 2.33:Two meshes generated by Stephen Vavasis’ QMG package, an octree-based mesh generator
with provable bounds. (Meshes courtesy Stephen Vavasis.)

generated (adding a great many additional vertices) that accommodates the input vertices and has no angle
smaller tharR0°. Figure 3.7 (top) on Page 47 depicts a mesh of a polygon with holes.

The algorithm of Bern et al. works by constructing a quadtree that is dense enough to isolate each input
feature (vertex or segment) from other features. Next, the quadtree is warped to coincide with input vertices
and segments. (Warping changes the shape of the quadtree, but not its topology.) Finally, the squares are
triangulated.

Neugebauer and Diekmann [73] have improved the results of Bern et al., replacing the square quadtree
with a rhomboid quadtree so that the triangles of the final mesh tend to be nearly equilateral. Assuming
there are no small input angles, polygonal domains with polygonal holes and isolated interior points can be
triangulated with all angles betwe86° and90°.

Remarkably, provably good quadtree meshing has been extended to polyhedra of arbitrary dimen-
sionality. Mitchell and Vavasis [69, 70] have developed an algorithm based on octrees (and their higher-
dimensional brethren) that triangulates polyhedra, producing size-optimal meshes with guaranteed bounds
on element aspect ratios. The generalization to more than two dimensions is quite intricate, and the theoreti-
cal bounds on element quality are not strong enough to be entirely satisfying in practice. Figure 2.33 depicts
two meshes generated by Vavasis' QMG mesh generator. The mesh at left is quite good, whereas the mesh
at right contains some tetrahedra of marginal quality, with many small angles visible on the surface.

In practice, the theoretically good mesh generation algorithms of Bern, Eppstein, and Gilbert [11] and
Mitchell and Vavasis [69] often create an undesirably large number of elements. Although both algorithms
are size-optimal, the constant hidden in the definition of size-optimality is large, and although both algo-
rithms rarely create as many elements as their theoretical worst-case bounds suggest, they typically create
too many nonetheless. In contrast, the Finite Octree mesh generator of Shephard and Georges [87] gener-
ates fewer tetrahedra, but offers no guarantee. Shephard and Georges eliminate poor elements, wherever
possible, through mesh smoothing, described below.
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Figure 2.34:A selection of topological local transformations. Each node is labeled with its degree. These
labels represent ideal cases, and are not the only cases in which these transformations would occur.

2.2.4 Smoothing and Topological Transformations

All the algorithms discussed thus far have the property that once they have decided to insert a vertex, the
vertex is rooted permanently in place. In this section, | discuss techniques that violate this permanence.
These are not mesh generation methods; rather, they are mesh improvement procedures, which may be
applied to a mesh generated by any of the methods discussed heretofore.

Smoothingis a technique wherein mesh vertices are moved to improve the quality of the adjoining
elements. No changes are made to the topology of the mesh. Of course, vertices that lie in mesh boundaries
may be constrained so that they can only move within a segment or facet, or they may be unable to move at
all.

The most famous smoothing techniqué_&placian smoothingin which a vertex is moved to the cen-
troid of the vertices to which it is connected [49], if such a move does not create collapsed or inverted
elements. Typically, a smoothing algorithm will run through the entire set of mesh vertices several times,
smoothing each vertex in turn. Laplacian smoothing is reasonably effective in two dimensions, but performs
poorly in three.

Were Laplacian smoothing not so easy to implement and so fast to execute, it would be completely ob-
solete. Much better smoothing algorithms are available, based on constrained optimization techniques [75].
The current state of the art is probably the nonsmooth optimization algorithm discussed by Freitag, Jones,
and Plassman [38] and Freitag and Ollivier-Gooch [39, 40]. The latter authors report considerable success
with a procedure that maximizes the minimum sine of the dihedral angles of the tetrahedra adjoining the
vertex being smoothed.

Another approach to mesh improvement is to usettipelogical transformationsutlined by Canann
[14], which are similar to ideas proposed by Frey and Field [42]. Examples of some transformations are
illustrated in Figure 2.34. The familiar edge flip is included, but the other transformations have the effect
of inserting or deleting a vertex. An unusual aspect of Canann’s approach is that he applies transformations
based on the topology, rather than the geometry, of a mesh. In two dimensions, the ideal degree of a vertex
is presumed to be six (to echo the structure of a lattice of equilateral triangles), and transformations are
applied in an attempt to bring the vertices of the mesh as close to this ideal as possible. Canann claims that
his method is fast because it avoids geometric calculations and makes decisions based on simple topological
measures. The method relies upon smoothing to iron out any geometric irregularities after the transforma-
tions are complete. The research is notable because of the unusually large number of transformations under
consideration.
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Figure 2.35:Tire incinerator mesh before and after mesh improvement. Shaded tetrahedra have dihedral
angles smaller than 18° or greater than 162°. (Courtesy Lori Freitag and Carl Ollivier-Gooch.)

Other researchers have considered mixing smoothing with topological transformations, but typically
consider only a limited set of transformations, often restricted to 2-3 and 3-2 flips. For instance, Golias
and Tsiboukis [45] report obtaining good results in tetrahedral mesh improvement by alternating between
Laplacian smoothing and flipping.

A more sophisticated approach is taken by Freitag and Ollivier-Gooch [39, 40], who combine optimi-
zation-based smoothing with several transformations, including 2-3 and 3-2 flips, as well as another set of
transformations they refer to as “edge swapping”. Figure 2.35 demonstrates the results obtained by these
techniques. In these before-and-after images, tetrahedra with poor dihedral angles are shaded. Before mesh
improvement, the dihedral angles range frOri6° to 178.88°. Afterward, they range from3.67° to
159.82°.

As Delaunay tetrahedralizations lack the optimality properties of their two-dimensional counterparts, it
is natural to ask whether one should forgo the Delaunay criterion, and instead use flips to directly maximize
the minimum solid angle. Joe [52] studies this question experimentally, and concludes that a procedure that
performs local flips to locally optimize the minimum solid angle is notably inferior to the Delaunay tetra-
hedralization. However, if one first constructs the Delaunay tetrahedralization, and then applies additional
flips to locally improve the minimum solid angle, one does better than the Delaunay tetrahedralization alone.
Joe’s results indicate that a tetrahedralization that is locally optimal with respect to solid angle may be far
from globally optimal. Although the Delaunay tetrahedralization does not maximize the minimum solid
angle, it certainly seems to optimize something useful for mesh generation. Marcum and Weatherill [63]
suggest that alternating between the Delaunay criterion and a min-max criterion (minimize the maximum
dihedral angle) works even better.

Later research by Joe [55] indicates that local improvements can often be made by considering the effect
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of two consecutive flips (even though the first of the two flips may worsen element quality). Joe identifies
several dual transformations that are frequently effective in practice, and several that rarely prove to be
useful.

All of these mesh improvement techniques are applicable to meshes generated by the algorithms de-
scribed in Chapters 3 and 4. However, | will not explore them further in this document.






Chapter 3

Two-Dimensional Delaunay Refinement
Algorithms for Quality Mesh Generation

Delaunay refinement algorithms for mesh generation operate by maintaining a Delaunay or constrained De-
launay triangulation, which is refined by inserting carefully placed vertices until the mesh meets constraints
on element quality and size.

These algorithms are successful because they exploit several favorable characteristics of Delaunay tri-
angulations. One such characteristic, already mentioned in Chapter 2, is Lawson’s result that a Delaunay
triangulation maximizes the minimum angle among all possible triangulations of a point set. Another fea-
ture is that inserting a vertex is a local operation, and hence is inexpensive except in unusual cases. The
act of inserting a vertex to improve poor quality elements in one part of a mesh will not unnecessarily per-
turb a distant part of the mesh that has no bad elements. Furthermore, Delaunay triangulations have been
extensively studied, and good algorithms are available.

The greatest advantage of Delaunay triangulations is less obvious. The central question of any Delaunay
refinement algorithm is “where should the next vertex be inserted?” As this chapter will demonstrate, a
reasonable answer is “as far from other vertices as possible.” If a new vertex is inserted too close to another
vertex, the resulting small edge will engender thin triangles.

Because a Delaunay triangle has no vertices in its circumcircle, a Delaunay triangulation is an ideal
search structure for finding points that are far from other vertices. (It's no coincidence that the circumcenter
of each triangle of a Delaunay triangulation is a vertex of the corresponding Voronoi diagram.)

This chapter begins with a review of Delaunay refinement algorithms introduced by L. Paul Chew and
Jim Ruppert. Ruppert [81] proves that his algorithm produces nicely graded, size-optimal meshes with no
angles smaller than abo2.7°. | show that Ruppert's analysis technique can be used to prove that Chew’s
second published Delaunay refinement algorithm [21] can produce nicely graded size-optimal meshes with
no angles smaller than abo2@.5°. Chew proves that his algorithm can produce meshes with no angles
smaller thar0°, albeit without any guarantees of grading or size-optimality. | generalize Chew'’s idea so
that it can be applied to Ruppert’s algorithm (and later to three-dimensional Delaunay refinement). | also
discuss theoretical and practical issues in triangulating regions with small angles. The foundations built here
undergird the three-dimensional Delaunay refinement algorithms examined in the next chapter.

41
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(b)

Figure 3.1:(a) Diagram for proof that d = 2r sin «. (b) Diagram for proof that Zicj = 2/ikj.

3.1 A Quality Measure for Simplices

In the finite element community, there are a wide variety of measures in use for the quality of an element,
the most obvious being the smallest and largest angles of each simplex. Miller, Talmor, Teng, and Walk-
ington [66] have pointed out that the most natural and elegant measure for analyzing Delaunay refinement
algorithms is thecircumradius-to-shortest edge rataf a simplex: the radius of the circumsphere of the
simplex divided by the length of the shortest edge of the simplex. For brevity, | will occasionally refer to
this ratio as thejuality of a simplex. One would like this ratio to be as small as possible.

In two dimensions, a triangle’s circumradius-to-shortest edge ratio is a function of its smallest angle. Let
Aijk have circumcentet and circumradiug, as illustrated in Figure 3.1(a). Suppose the length of églge
is d, and the angle opposite this edgevis= Zikj.

It is a well-known geometric fact thaticj = 2«. See Figure 3.1(b) for a derivation. Lét= Zjkc.
Because\kci and Akcj are isosceles{kci = 180° — 2(a + ) andZkej = 180° — 2. Subtracting the
former from the latter/Zicj = 2«. (This derivation holds even j# is negative.)

Returning to Figure 3.1(a), it is apparent teata = d/(2r). It follows that if the triangle’s shortest
edge has lengtll, thenc« is its smallest angle. Hence, B is an upper bound on the circumradius-to-
shortest edge ratio of all triangles in a mesh, then there is no angle smallerthan; (and vice versa).
A triangular mesh generator is wise to makexs small as possible.

Unfortunately, a bound on circumradius-to-shortest edge ratio does not imply an angle bound in dimen-
sions higher than two. Nevertheless, the ratio is a useful measure for understanding Delaunay refinement in
higher dimensions.

With these facts in mind, | shall describe two-dimensional Delaunay refinement algorithms due to Paul
Chew and Jim Ruppert that act to bound the maximum circumradius-to-shortest edge ratio, and hence bound
the minimum angle of a triangular mesh.
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Figure 3.2: Any triangle whose circumradius-to-shortest edge ratio is larger than some bound B is split
by inserting a vertex at its circumcenter. The Delaunay property is maintained, and the triangle is thus
eliminated. Every new edge has length at least B times that of shortest edge of the poor triangle.

3.2 Chew’s First Delaunay Refinement Algorithm

Paul Chew has published at least two Delaunay refinement algorithms of great interest. The first, described
here, produces triangulations of uniform density [19]. The second, which can produce graded meshes [21],
will be discussed in Section 3.4.

3.2.1 The Key Ideas Behind Delaunay Refinement

The central operation of Chew’s, Ruppert’s, and my own Delaunay refinement algorithms is the insertion of
a vertex at the circumcenter of a triangle of poor quality. The Delaunay property is maintained, preferably by
Lawson’s algorithm or the Bowyer/Watson algorithm for the incremental update of Delaunay triangulations.
The poor triangle cannot survive, because its circumcircle is no longer empty. For brevity, | refer to the act
of inserting a vertex at a triangle’s circumcentersatitting a triangle. The idea dates back at least to the
engineering literature of the mid-1980s [41].

The main insight of all the Delaunay refinement algorithms is that Delaunay refinement is guaranteed
to terminate if the notion of “poor quality” includes only triangles that have a circumradius-to-shortest edge
ratio larger than some appropriate boundRecall that the only new edges created by the Delaunay insertion
of a vertexv are edges connectedidsee Figure 3.2). Becausas the circumcenter of some triangleand
there were no vertices inside the circumcirclet tfeforev was inserted, no new edge can be shorter than
the circumradius of. Because has a circumradius-to-shortest edge ratio larger Bhaevery new edge has
length at leasB times that of the shortest edgetof

Henceforth, a triangle whose circumradius-to-shortest edge ratio is greateB tisssaid to beskinny

Figure 3.3 provides an intuitive illustration of why all skinny triangles are eventually eliminated by Delaunay
refinement. The new vertices that are inserted into a triangulation (grey dots) are spaced roughly according
to the length of the shortest nearby edge. Because skinny triangles have relatively large circumradii, their
circumcircles are inevitably popped. When enough vertices are introduced that the spacing of vertices is
somewhat uniform, large empty circumcircles cannot adjoin small edges, and no skinny triangles can remain
in the Delaunay triangulation. Fortunately, the spacing of vertices does not need to be so uniform that the
mesh is poorly graded; this fact is formalized in Section 3.3.4.
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Needles Caps

Figure 3.3:Skinny triangles have circumcircles larger than their smallest edges. Each skinny triangle may
be classified as a needle, whose longest edge is much longer than its shortest edge, or a cap, which has
an angle close to 180°. (The classifications are not mutually exclusive.)

Chew's algorithms both employ a bound Bf = 1 (though, as we shall see, the early algorithm is
stricter). With this bound, every new edge created is at least as long as some other edge already in the mesh.
This fact is sufficient to prove that Delaunay refinement terminates. Suppose that Delaunay refinement is
applied to improve the angles of a triangulatiBravhose shortest edge has length,. Delaunay refinement
never introduces a shorter edge, so any two vertices are separated by a distance ohat.leéktnce, if
each vertex is the center of a disk whose radius,js,/2, all such disks have disjoint interiors. LB{T)
be a bounding box df’ that is everywhere a distance of at lehst, /2 from T'; all the discs defined above
are insideB(7). Hence, the number of vertices timea?2 . /4 cannot exceed the total area®f7), and
termination is inevitable.

The implication is that the augmented triangulation will eventually run out of places to put vertices,
because vertices may only be placed at least a distankg;g@faway from all other vertices. At this time
(if not sooner), all triangles have a quality of one or smaller, and Delaunay refinement terminates. Upon
termination, because no triangle has a circumradius-to-shortest edge ratio larger than one, the mesh contains
no angle smaller thaso°.

Chew's first algorithm splits any triangle whose circumradius is greater/than and hence creates a
uniform mesh. Chew’s second Delaunay refinement algorithm relaxes this stricture, splitting only triangles
whose circumradius-to-shortest edge ratios are greater than one, and hence produces graded meshes in
practice, although Chew supplies no theoretical guarantee of good grading. In Section 3.4.2, | will show
that by slightly relaxing the quality bound, a guarantee of good grading can be obtained.

When the early algorithm terminates, all edge lengths are bounded bebygeand2h.,;,. The upper
bound follows because if the length of a Delaunay edge is greateRthgn, then at least one of the two
Delaunay triangles that contain it has a circumradius largerfhanand is eligible for splitting.

My description of Delaunay refinement thus far has a gaping hole: mesh boundaries have not been
accounted for. The flaw in the procedure | have presented above is that the circumcenter of a skinny triangle
might not lie in the triangulation at all. Figure 3.4 illustrates an example in which there is a skinny triangle,
but no vertex can be placed inside its circumcircle without creating an edge smallés,thamhich would
compromise the termination guarantee.

The remainder of this chapter, and the entirety of the next chapter, are devoted to the problem of mod-
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Figure 3.4:The bold triangle could be eliminated by inserting a vertex in its circumcircle. However, a vertex
cannot be placed outside the triangulation, and it is forbidden to place a vertex within a distance of h,;, from
any other vertex. The forbidden region includes the shaded disks, which entirely cover the bold triangle.

ifying Delaunay refinement so that it respects mesh boundaries. Before commencing that quest, | want to
emphasize that the central idea of Delaunay refinement generalizes without change to higher dimensions.
(For instance, Dey, Bajaj, and Sugihara [28] describe a straightforward generalization of Chew’s first algo-
rithm to three dimensions.) Imagine a triangulation that has no boundaries—perhaps it has infinite extent,
or perhaps it is mapped onto a manifold that is topologically equivalent to a torus (or higher-dimensional
generalization thereof). Regardless of the dimensionality, Delaunay refinement can eliminate all simplices
having a circumradius-to-shortest edge ratio greater than one, without creating any edge smaller than the
smallest edge already present. Unfortunately, boundaries complicate mesh generation immensely, and the
difficulty of coping with boundaries increases in higher dimensions.

3.2.2 Mesh Boundaries in Chew’s First Algorithm

The input to Chew’s algorithm is a PSLG that is presumed tedggnent-boundedneaning that the region

to be triangulated is entirely enclosed within segments. (Any PSLG may be converted to a segment-bounded
PSLG by any two-dimensional convex hull algorithm, if a convex triangulation is desired.) Untriangulated
holes in the PSLG are permitted, but these must also be bounded by segments. A segment must lie anywhere
a triangulated region of the plane meets an untriangulated region.

For some parametér chosen by the user, all segments are divided into subsegments whose lengths are
in the rang€h, v/3h]. New vertices are placed at the division points. The paraniataust be chosen smalll
enough that some such partition is possible. Furthernforeay be no larger than the smallest distance
between any two vertices of the resulting partition. (If a vertex is close to a segment, this latter restriction
may necessitate a smaller valuehathan would be indicated by the input vertices alone.)

The constrained Delaunay triangulation of this modified PSLG is computed. Next, Delaunay refinement
is applied. Circumcenters of triangles whose circumradii are largeritlaa@ inserted, one at a time. When
no such triangle remains, the algorithm terminates.

Because no subsegment has length greaterf3dn and specifically because no boundary subsegment
has such length, the circumcenter of any triangle whose circumradius excéatfswithin the mesh, at a
distance of at leagt/2 from any subsegment. Why? If a circumcenter is a distance less:ittafiom a
subsegment whose length is no greater t@h, then the circumcenter is a distance less thdrom one
of the subsegment’s endpoints.
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Figure 3.5:A mesh generated by Chew'’s first Delaunay refinement algorithm. (Courtesy Paul Chew).

Figure 3.6:A demonstration of the ability of the Delaunay refinement algorithm to achieve large gradations
in triangle size while constraining angles. No angles are smaller than 24°.

Chew’s early algorithm handles boundaries in a simple and elegant manner, at the cost that it only
produces meshes of uniform density, as illustrated in Figure 3.5. The remainder of this thesis examines
Delaunay refinement algorithms that generate graded meshes.

3.3 Ruppert’s Delaunay Refinement Algorithm

Jim Ruppert’s algorithm for two-dimensional quality mesh generation [82] is perhaps the first theoretically
guaranteed meshing algorithm to be truly satisfactory in practice. It extends Chew’s early algorithm by
allowing the density of triangles to vary quickly over short distances, as illustrated in Figure 3.6. The
number of triangles produced is typically smaller than the number produced either by Chew’s algorithm or
the Bern-Eppstein-Gilbert quadtree algorithm [11] (discussed in Section 2.2.3), as Figure 3.7 shows.
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Figure 3.7:Meshes generated by the Bern-Eppstein-Gilbert quadtree-based algorithm (top), Chew'’s first
Delaunay refinement algorithm (center), and Ruppert's Delaunay refinement algorithm (bottom). (The first

mesh was produced by the program tripoint , courtesy Scott Mitchell.)
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Figure 3.8:Segments are split recursively (while maintaining the Delaunay property) until no subsegments
are encroached.

| have already mentioned that Chew independently developed a similar algorithm [21]. It may be worth
noting that Ruppert’s earliest publications of his results [80, 81] slightly predate Chew'’s. | present Ruppert’s
algorithm first because it is accompanied by a theoretical framework with which he proves its ability to
produce meshes that are both nicely gradedsiretoptimal Size optimality means that, for a given bound
on minimum angle, the number of elements composing any mesh produced by the algorithm is at most
a constant factor larger than the number in the smallest possible mesh that meets the same angle bound.
(The constant depends only upon the minimum allowable angle, and is too large to be useful as a practical
bound.) In Section 3.4.2, | will discuss how to apply Ruppert’s framework to Chew’s algorithm, for which
better bounds can be derived.

3.3.1 Description of the Algorithm

Like Chew’s algorithms, Ruppert’s algorithm takes a segment-bounded PSLG as its input. Unlike Chew’s
algorithms, Ruppert’s algorithm may start with either a constrained or unconstrained Delaunay triangulation.
Ruppert’s presentation of the algorithm is based on unconstrained triangulations, and it is interesting to see
how the algorithm responds to missing segments, so assume that we start with the Delaunay triangulation of
the input vertices, ignoring the input segments. Input segments that are missing from the triangulation will
be inserted as a natural consequence of the algorithm.

Again like Chew's algorithms, Ruppert’s refines the mesh by inserting additional vertices (using Law-
son’s algorithm to maintain the Delaunay property) until all triangles satisfy the quality constraint. Vertex
insertion is governed by two rules.

e The diametral circleof a subsegment is the (unique) smallest circle that contains the subsegment.
A subsegment is said to encroachedf a vertex lies strictly inside its diametral circle, or if the
subsegment does not appear in the triangulation. (Recall that the latter case generally implies the
former, the only exceptions being degenerate examples where several vertices lie precisely on the
diametral circle.) Any encroached subsegment that arises is immediately bisected by inserting a vertex
at its midpoint, as illustrated in Figure 3.8. The two subsegments that result have smaller diametral
circles, and may or may not be encroached themselves.

e As with Chew’s algorithm, each skinny triangle (having a circumradius-to-shortest edge ratio larger
than some bound) is normally split by inserting a vertex at its circumcenter. The Delaunay property
guarantees that the triangle is eliminated, as illustrated in Figure 3.9. However, if the new vertex
would encroach upon any subsegment, then it is not inserted; instead, all the subsegments it would
encroach upon are split.
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NN

Figure 3.9:Each skinny triangle is split by inserting a vertex at its circumcenter and maintaining the Delau-

ST

Figure 3.10:Missing segments are forced into the mesh by the same recursive splitting procedure used for
encroached subsegments that are in the mesh. In this sequence of illustrations, the thin line represents a
segment missing from the triangulation.

A A AR

Figure 3.11:In this example, two segments (thin lines) must be forced into a triangulation. The first is
successfully forced in with a single vertex insertion, but the attempt to force in the second eliminates a
subsegment of the first.

Encroached subsegments are given priority over skinny triangles.

An implementation may give encroached subsegments that are not present in the mesh priority over
encroached subsegments that are present (though it isn't necessary). If this option is chosen, the algorithm’s
first act is to force all missing segments into the mesh. Each missing segment is bisected by inserting a vertex
into the mesh at the midpoint of the segment (more accurately, at the midpoint of the place where the segment
should be). After the mesh is adjusted to maintain the Delaunay property, the two resulting subsegments
may appear in the mesh. If not, the procedure is repeated recursively for each missing subsegment until
the original segment is represented by a linear sequence of edges of the mesh, as illustrated in Figure 3.10.
We are assured of eventual success because the Delaunay triangulation always connects a vertex to its
nearest neighbor; once the spacing of vertices along a segment is sufficiently small, its entire length will be
represented. In the engineering literature, this process is sometimesstiatieithg

Unfortunately, the insertion of a vertex to force a segment into the triangulation may eliminate a subseg-
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Note that an input
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The last encroached
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Attempt to insert its
circumcenter again.
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A vertex insertion
restores the missing
segment, but there are
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inserted. Find another
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A circumcenter is
successfully inserted,
creating another
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This time, its
circumcenter is
inserted successfully.
There’s only one
skinny triangle left.

One encroached
subsegment is
bisected.

This circumcenter
encroaches upon a
segment, and is
rejected for insertion.

The triangle’s
circumcenter is
rejected for insertion.

The final mesh.

Figure 3.12:A complete run of Ruppert’s algorithm with the quality bound B = /2. The first two images are
the input PSLG and the (unconstrained) Delaunay triangulation of its vertices. In each image, highlighted
subsegments or triangles are about to be split, and highlighted vertices are rejected for insertion because
they encroach upon a subsegment.
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ment of some other segment (Figure 3.11). The subsegment thus eliminated is hence encroached, and must
be split further. To avoid eliminating subsegments, one ctadkisubsegments of the mesh by marking the

edges that represent them to indicate that they are constrained. Flipping of such constrained edges is forbid-
den. However, subsegments whose diametral circles are nonempty are still considered encroached, and will
still be split eventually; hence, it makes little material difference to the algorithm whether one chooses to
lock subsegments. Nevertheless, locked subsegments yield faster implementations and will be necessary for
Chew's second algorithm. The reader may wish to assume that all subsegments become permanent as soon
as they appear, although it was not part of Ruppert’s original specification.

If a subsegment is missing from a Delaunay triangulation, then the subsegment is not Delaunay, and
there must be a vertex is its diametral circle. (There is a degenerate exception to this rule, wherein several
vertices fall on the diametral circle, but this exception is not theoretically problematic.) This observation
is important because it unifies the theoretical treatment of missing subsegments and subsegments that are
present in the mesh but encroached.

After all encroached subsegments have been recursively bisected, and no subsegments are encroached,
all edges (including subsegments) of the triangulation are Delaunay. A mesh produced by Ruppert’s algo-
rithm is truly Delaunay, and not merely constrained Delaunay.

Figure 3.12 illustrates the generation of a mesh by Ruppert's algorithm from start to finish. Several
characteristics of the algorithm are worth noting. First, if the circumcenter of a skinny triangle is rejected
for insertion, it may still be successfully inserted later, after the subsegments it encroaches upon have been
split. On the other hand, the act of splitting those subsegments is sometimes enough to eliminate the skinny
triangle. Second, the smaller features at the left end of the mesh lead to the insertion of some vertices toward
the right, but the size of the elements to the right remains larger than the size of the elements to the left. The
smallest angle in the final mesh2$.8°.

There is aloose end to tie up. One might ask what should happen if the circumcenter of a skinny triangle
falls outside the triangulation. Fortunately, the following lemma shows that the question is moot.

Lemma 13 LetT be a segment-bounded Delaunay triangulation (hence, any edgéhat belongs to only
one triangle is a subsegment). Suppose &ias no encroached subsegments. «Lbe the circumcenter
of some triangle of T'. Thenw liesinT.

Proof. Suppose for the sake of contradiction thdies outsideT’. Let ¢ be the centroid of; c clearly lies
insideT. Because the triangulation is segment-bounded, the line segmemist cross some subsegment
s, as Figure 3.13 illustrates. Becauseis entirely contained in the interior of the circumcircle ipfthe
circumcircle must contain a portion ef but the Delaunay property requires that the circumcircle be empty,
so the circumcircle cannot contain the endpoints.of

Say that a point insides if it is on the same side of asc, andoutsides if it is on the same side of as
v. Because the centerof the circumcircle ot is outsides, the portion of the circumcircle that lies strictly
inside s (the bold arc in the illustration) is entirely enclosed by the diametral circle dthe vertices ot
lie upont’s circumcircle and are (not strictly) inside Up to two of the vertices of may be the endpoints
of s, but at least one vertex eimust lie strictly inside the diametral circle ef But by assumptiofi” has no
encroached subsegments; the result follows by contradiction. ]

Lemma 13 offers another reason why encroached subsegments are given priority over skinny triangles.
Because a circumcenter is inserted only when there are no encroached subsegments, one is assured that the
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inside | outside

Figure 3.13:If the circumcenter v of a triangle ¢ lies outside the triangulation, then some subsegment s is
encroached.

circumcenter will be within the triangulation. Conversely, the act of splitting encroached subsegments rids
the mesh of triangles whose circumcircles lie outside it. The lemma also explains why the triangulation
should be completely bounded by segments before applying the refinement algorithm.

In addition to being required to satisfy a quality criterion, triangles can also be required to satisfy a
maximum size criterion. If a finite element simulation requires that elements be small enough to model a
phenomenon within some error bound, one may specify an upper bound on allowable triangle areas or edge
lengths as a function of location in the mesh. Triangles that exceed the local upper bound are split, whether
they are skinny or not. So long as the function bounding the sizes of triangles is itself bounded everywhere
above some positive constant, there is no threat to the algorithm’s termination guarantee.

3.3.2 Local Feature Size

The claim that Ruppert’s algorithm produces nicely graded meshes is based on the fact that the spacing of
vertices at any location in the mesh is within a constant factor of the sparsest possible spacing. To formalize
the idea of “sparsest possible spacing,” Ruppert introduces a function callkat#héeature sizewhich is

defined over the domain of the input PSLG.

Given a PSLGX, the local feature size Ifg) at any point is the radius of the smallest disk centered at
p that intersects two nonincident vertices or segmentX ofigure 3.14 gives examples of such disks for a
variety of points.

The local feature size of a point is proportional to the sparsest possible spacing of vertices in the neigh-
borhood of that point. The function Ifg is continuous and has the property that its directional derivatives
are bounded in the range 1, 1]. The latter property, proven by the following lemma, sets a bound on the
fastest possible grading of element sizes in a mesh.

Lemma 14 (Ruppert [82]) For any PSLGX, and any two points andwv in the plane,

Ifs(v) < Ifs(u) + |uv|.

Proof: The disk having radius Ifs) centered at intersects two nonincident featuresXf The disk having
radius If§u) + |uv| centered ab contains the prior disk, and thus also intersects the same two nonincident
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Figure 3.14:The radius of each disk illustrated is the local feature size of the point at its center.

features ofX. Hence, the largest disk centeredvdhat contains two nonincident featuresXfhas radius
no larger than If&:) + |uv|. [

This lemma generalizes without change to higher dimensions, so long as the question “Which pairs of
points are said to lie on nonincident features?” has a consistent answer that is independand of In
essence, the proof relies only on the triangle inequality: ig within a distance of Ifg:) of each of two
nonincident features, thenis within a distance of If&.) + |uv| of each of those same two features.

3.3.3 Proof of Termination

In this section and the next, | present two proofs of the termination of Ruppert’'s algorithm. The first is
similar to the proof that Chew’s early algorithm terminates, and is included for its intuitive value. The
second is taken from Ruppert, but is rewritten in a somewhat different form to bring out features that will
figure prominently in my own extensions. The second proof shows that the algorithm produces meshes that
are nicely graded and size-optimal.

Both proofs require thaB > /2, and any two incident segments (segments that share an endpoint) in
the input PSLG must be separated by an angl®dbr greater. (Ruppert asks for angles of at |8t but
an improvement to the original proof is made here.) For the second proof, these inequalities must be strict.

With each vertex, associate aimsertion radius-,, equal to the length of the shortest edge connected to
v immediately aftew is introduced into the triangulation. Consider what this means in three different cases.

e If v is an input vertex, then, is the Euclidean distance betweeand the input vertex nearestsee
Figure 3.15(a).

e If v is a vertex inserted at the midpoint of an encroached subsegment;tisetine distance between
v and the nearest encroaching mesh vertex; see Figure 3.15(b). If there is no encroaching vertex in the
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(d)

(@) (b)

Figure 3.15:The insertion radius of a vertex v is the distance to the nearest vertex when v first appears
in the mesh. (a) If v is an input vertex, r, is the distance to the nearest other input vertex. (b) If v is the
midpoint of a subsegment encroached upon by a vertex of the mesh, r, is the distance to that vertex. (c)
If v is the midpoint of a subsegment encroached upon only by a vertex that was rejected for insertion, r,
is the radius of the subsegment’s diametral circle. (d) If v is the circumcenter of a skinny triangle, r, is the
radius of the circumcircle.

mesh (some triangle’s circumcenter was considered for insertion but rejected as encroachimg), then
is the radius of the diametral circle of the encroached subsegment, and hence the length of each of the
two subsegments thus produced; see Figure 3.15(c).

e If v is a vertex inserted at the circumcenter of a skinny triangle, thea the circumradius of the
triangle; see Figure 3.15(d).

Each vertexy, including any vertex that is considered for insertion but not actually inserted because it
encroaches upon a subsegment, hparantvertexp(v), unlessv is an input vertex. Intuitively, for any
non-input vertex, p(v) is the vertex that is “responsible” for the insertiormofThe parenp(v) is defined
as follows.

e If v is an input vertex, it has no parent.

e If v is a vertex inserted at the midpoint of an encroached subsegmentp(theis the vertex that
encroaches upon that subsegment. (Notegthat might not be inserted into the mesh as a result.) If
there are several such vertices, choose the one nearest

e If v is a vertex inserted (or rejected for insertion) at the circumcenter of a skinny triangles(then
is the most recently inserted endpoint of the shortest edge of that triangle. If both endpoints of the
shortest edge are input vertices, choose one arbitrarily.

Each input vertex is the root of a tree of vertices. However, we are not interested in these trees as a
whole; only in the ancestors of any given vertex, which form a sort of history of the events leading to the
insertion of that vertex. Figure 3.16 illustrates the parents of all vertices inserted or considered for insertion
during the sample execution of Ruppert’s algorithm in Figure 3.12.

Working with these definitions, one can show why Ruppert’s algorithm terminates. The key insight is
that no descendant of a mesh vertex has an insertion radius smaller than the vertex's own insertion radius.
Certainly, no edge will ever appear that is shorter than the smallest feature in the input PSLG. To prove these
facts, consider the relationship between a vertex’s insertion radius and the insertion radius of its parent.
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Figure 3.16:Trees of vertices for the example of Figure 3.12. Arrows are directed from parents to their
children. Children include all inserted vertices and one rejected vertex.

Lemma 15 Letwv be a vertex of the mesh, and fet= p(v) be its parent, if one exists. Then eithgr >
Ifs(v), or r, > Crp, where

C = B if v is the circumcenter of a skinny triangle,

C = % if v is the midpoint of an encroached subsegment arisl the circumcenter of a skinny
triangle,

e C = . if v andp lie on incident segments separated by an angle @&ith p encroaching upon

2cosa

the subsegment whose midpointjswhere45° < o < 90°, and

C =sin« if v andp lie on incident segments separated by an angle ef 45°.

Proof: If v is an input vertex, there is another input vertex a distaneg &fom v, so If§v) < r,, and the
theorem holds.

If v is inserted at the circumcenter of a skinny triangle, then its pareatp(v) is the most recently
inserted endpoint of the shortest edge of the triangle; see Figure 3.17(a). Hence, the length of the shortest
edge of the triangle is at leas}. Because the triangle is skinny, its circumradius-to-shortest edge ratio is at
leastB, so its circumradius i8, > Br,.

If v is inserted at the midpoint of an encroached subsegmehere are four cases to consider. The
first two are all that is needed to prove termination of Ruppert’s algorithm if no angles smallé&oOthare
present in the input. The last two cases consider the effects of acute angles.
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Figure 3.17: The relationship between the insertion radii of a child and its parent. (a) When a skinny
triangle is split, the child’s insertion radius is at least B times larger than that of its parent. (b) When
a subsegment is encroached upon by the circumcenter of a skinny triangle, the child’s insertion radius
may be (arbitrarily close to) a factor of v/2 smaller than the parent’s, as this worst-case example shows.
(c, d) When a subsegment is encroached upon by the midpoint of an incident subsegment, the relationship
depends upon the angle « separating the two segments.

e If the parentp is an input vertex, or was inserted on a segment not incident to the segment containing
s, then Ifgv) < r,,.

e If pis a circumcenter that was considered for insertion but rejected because it encroacheghgion
p lies strictly inside the diametral circle af By the Delaunay property, the circumcircle centered
at p contains no vertices, so its radius is limited by the nearest endpomt ldénce,r, > f; see
Figure 3.17(b) for an example where the relation is nearly equality.

e If v andp lie on incident segments separated by an amaglghere45° < a < 90°, the vertexa

(for “apex”) where the two segments meet obviously cannot lie inside the diametral cirgjeseg
Figure 3.17(c). Becausds encroached upon by p lies inside its diametral circle. (Kis not present

in the triangulationp might lie on its diametral circle in a degenerate case.) To find the worst-case
value of’“v imagine that, anda are fixed; therr, = |up| is minimized by making the subsegment

s as short as possible, subject to the constraint ghednnot fall outside its diametral circle. The
minimum is achieved whefs| = 2r,; if s were shorter, its diametral circle would not contain
Basic trigonometry shows that| = 2r, > —2

cosa”

e If v andp lie on incident segments separated by an angleherea < 45°, then ™+ is minimized not
whenp lies on the diametral circle, but whenis the orthogonal projection @Jfont03 as illustrated
in Figure 3.17(d). Hence,, > r, sina. [ ]

The lemma just proven places limits on how quickly the insertion radius can decrease as one walks down
a tree from an input vertex to a descendant. If the insertion radius cannot decrease at all, Ruppert’s method
is easily guaranteed to terminate. Figure 3.18 expresses this notion as a dataflow graph: labeled arrows
indicate how a vertex can lead to the insertion of a new vertex whose insertion radius is some factor times
that of its parent. If this graph contains no cycle whose product is less than one, termination is guaranteed.
If some cycle has a product smaller than one, then a sequence of ever-smaller edges might be produced. The
graph makes clear why the quality bouBdnust be at leasy/2, and why the minimum angle between input
segments must be at le&@8. The following theorem formalizes this idea.
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Figure 3.18:Dataflow diagram illustrating the worst-case relation between a vertex’s insertion radius and
the insertion radii of the children it begets. If no cycles have a product smaller than one, Ruppert’s Delau-
nay refinement algorithm will terminate. Input vertices are omitted from the diagram because they cannot
contribute to cycles.

Theorem 16 Letlfs,,;, be the shortest distance between two nonincident entities (vertices or segments) of
the input PSLG.

Suppose that any two incident segments are separated by an angle of 8Dfeastd a triangle is con-
sidered to be skinny if its circumradius-to-shortest edge ratio is larger #an /2. Ruppert’s algorithm
will terminate, with no triangulation edge shorter th#a,;,.

Proof. Suppose for the sake of contradiction that the algorithm introduces an edge shorter,thamtfs
the mesh. Let be the first such edge introduced. Clearly, the endpointscahnot both be input vertices,
nor can they lie on nonincident segments. Léte the most recently inserted endpoineof

By assumption, no edge shorter than lfsexisted before was inserted. Hence, for any ancesiasf
v, rq > Ifsmin. Letp = p(v) be the parent of, and letg = p(p) be the grandparent of (if one exists).
Consider the following cases.

e If v is the circumcenter of a skinny triangle, then by Lemmar]5;> Br, > \/irp.

e If v is the midpoint of an encroached subsegmentaiscthe circumcenter of a skinny triangle, then
by Lemma 155, > %rp > %rg > r,. (Recall thap is not inserted into the mesh.)

e If v andp lie on incident segments, then by Lemma #5> -—2—. Becausey > 60°, r, > Tp-

2cosa”

'Equivalently, Ifs,;, = min, Ifs(u), whereu is chosen from among the input vertices. The proof that both definitions are
equivalent is omitted, but it relies on the recognition that if two points lying on nonincident segments are separated by aldistance
then at least one of the endpoints of one of the two segments is separated from the other segment by a distahessofNote
that Ifswin is Not a lower bound for Ifs) over the entire domain; for instance, a segment may have length lis which case the
local feature size at its midpoint is }fs, /2.
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In all three cases;, > r, for some ancestas of p in the mesh. It follows that, > Ifs,,;,, contradicting
the assumption that has length less than |fg,. It also follows that no edge shorter than,lfs is ever
introduced, and the algorithm must terminate. [ |

Ruppert’s algorithm terminates only when all triangles in the mesh have a circumradius-to-shortest edge
ratio of B or better; hence, at termination, there are no angles smalleratiosim ;1. If B = /2, the
smallest value for which termination is guaranteed, no angle is smalleRth@h Later, | will describe
several modifications to the algorithm that improve this bound.

3.3.4 Proof of Good Grading and Size-Optimality

Theorem 16 guarantees that no edge of the final mesh is smaller than This guarantee may be satisfying

for a user who desires a uniform mesh, but is not satisfying for a user who requires a spatially graded mesh.

What follows is a proof that each edge of the output mesh has length proportional to the local feature sizes

of its endpoints. Hence, a small local feature size in one part of a mesh does not unreasonably reduce the
edge lengths at other, distant parts of the mesh. Triangle sizes vary quickly over short distances where such
variation is desirable to help reduce the number of triangles in the mesh.

Lemma 15 was concerned with the relationship between the insertion radii of a child and its parent;
the next lemma is concerned with the relationship betv@#) and M. For any vertexv, define

v Tp

D, = M. Think of D, as the one-dimensional density of vertices neathenw is inserted, weighted by

r

the local feature size. Ideally, one would like this ratio to be as small as possible. Noig,tkai for any
input vertex, butD,, tends to be larger for a vertex inserted later.

Lemma 17 Letv be a vertex with parent = p(v). Suppose that, > Cr, (following Lemma 15). Then
D, <142

Proof: By Lemma 14, If$v) < Ifs(p) + |vp|. The insertion radius, is usually|vp| by definition, except in
the case wherg s rejected for insertion, in which casg > |vp|. Hence, we have

Ifs(v) < Ifs(p) + 7y
Dyrp +my

D
—prv + 7ry-

C
The result follows by dividing both sides by. [ |

IN

Lemma 17 generalizes to any dimension (assuming that some valde dan be proven), because it
relies only upon Lemma 14. Ruppert’s first main result follows.

Lemma 18 (Ruppert [82]) Suppose the quality bourdglis strictly larger thany/2, and the smallest angle
between two incident segments in the input PSLG is strictly greater@fanThere exist fixed constants
Dr > 1andDg > 1 such that, for any vertex inserted (or considered for insertion and rejected) at the
circumcenter of a skinny triangld?,, < Dy, and for any vertex inserted at the midpoint of an encroached
subsegment), < Dg. Hence, the insertion radius of every vertex is proportional to its local feature size.
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Proof: Consider any non-input vertexwith parentp = p(v). If p is an input vertex, the®,, _ lis) <1.

Otherwise, assume for the sake of induction that the lemma is trug, feo thatD, < Dr ﬁ pis a
circumcenter, and, < Dy if p is a midpoint. HenceD,, < max{Dr, Dg}.

First, suppose is inserted or considered for insertion at the circumcenter of a skinny triangle. By
Lemma 15, > Br,. Thus, by Lemma 17D, < 1+ 22x{Dm.Ds} 'yt follows that one can prove that
D, < Drif Dy is chosen so that
max{Dr, Dg}

Dr>1+ 2]

(3.1)
Second, supposeis inserted at the midpoint of a subsegmenlf its parentp is an input vertex or lies

on a segment not incident o then Iffv) < r,, and the theorem holds. #fis the circumcenter of a skinny

triangle (rejected for insertion because it encroaches upor, > % by Lemma 15, so by Lemma 17,

DU < 1+ \/EDT-
AIternativer, if p, like v, is a subsegment midpoint, apdandv lie on incident segments, they >

5o2— by Lemma 15, and thus by Lemma 1P, < 1 + 2Dgcosa. It follows that one can prove that
D, < Dg if Dg is chosen so that

1++V2Dyp, and (3.2)
14 2Dg cos a. (3.3)

Ds >
Ds >

If the quality boundB is strictly larger than,/2, conditions 3.1 and 3.2 are simultaneously satisfied by
choosing

B+1 (1+V2)B
Dr=——, Dg=-———.
B—+v2 B—+?2
If the smallest input angle,,;, is strictly greater tha60°, conditions 3.3 and 3.1 are satisfied by choosing
1 Dg
Dg=————— Dr=1+—7.
s 1 — 2¢oS Qmin | r + B

One of these choices will dominate, depending on the valug3 ahd o.n;,. However, if B > /2 and
amin > 60°, there are values dP, and Dg that satisfy the lemma. [ |

Note that asB approaches/2 or o approache$0°, Dr and Dg approach infinity. In practice, the
algorithm is better behaved than the theoretical bound suggests; the vertex spacing approaches zero only
after B drops below one.

Theorem 19 (Ruppert [82]) For any vertexv of the output mesh, the distance to its nearest neighbir

at Ieastllf, (Jr%

Proof: Inequality 3.2 indicates thads > Dy, so Lemma 18 shows thQ% < DS for any vertexw. If v

Ifs

was added aftew, then the distance between the two vertices is at beast , and the theorem holds.

If w was added aftes, apply the lemma tav, yielding

o] >y > Ifs(w)‘
Ds
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By Lemma 14, If$w) + |vw| > Ifs(v), so

Ifs(v) — |Uw|‘

>
o] = =

It follows that |vw| > gi%. [ |

To give a specific example, consider triangulating a PSLG (having no acute input angles) so that no angle
of the output mesh is smaller thas°; henceB = 1.93. For this choice ofB, Dy = 5.66 andDg = 9.01.
Hence, the spacing of vertices is at worst about ten times smaller than the local feature size. Away from
boundaries, the spacing of vertices is at w6r66 [58] times smaller than the local feature size.

Figure 3.19 shows the algorithm’s performance for a variety of angle bounds. Ruppert’s algorithm
typically terminates for angle bounds much higher than the theoretically guarakiiéedand typically
exhibits much better vertex spacing than the provable worst-case bounds imply.

Ruppert [82] uses Theorem 19 to prove the size-optimality of the meshes his algorithm generates, and
his result has been improved by Scott Mitchell. Mitchell's theorem is stated below, but the proof, which is
rather involved, is omitted. Theardinality of a triangulation is the number of triangles in the triangulation.

Theorem 20 (Mitchell [68]) Let Ifsy(p) be the local feature size at with respect to a triangulatiorf’
(treatingT' as a PSLG), whered$s(p) remains the local feature size atwith respect to the input PSLG.
Suppose a triangulatioff’ with smallest anglé has the property that there is some constant> 1 such
that for every poinp, k1lfsy(p) > Ifs(p). Then the cardinality of” is less tharks times the cardinality of
any other triangulation of the input PSLG with smallest argjlevherek, = O(k?/6). [ |

Theorem 19 can be used to show that the precondition of Theorem 20 is satisfied by meshes generated
by Ruppert’s algorithm. Hence, a mesh generated by Ruppert’s algorithm has cardinality within a constant
factor of the best possible mesh satisfying the angle bound.

3.4 Chew's Second Delaunay Refinement Algorithm and Diametral Lenses

This section presents two algorithms that offer an improved guarantee of good grading and that perform
slightly better in practice: Chew’s second Delaunay refinement algorithm [21], and a variant of Ruppert’s
algorithm that replaces diametral circles with narrower entities called diametral lenses. | will show that
the two algorithms are equivalent, and exhibit good grading and size-optimality for angles bounds of up to
26.5°. Chew shows that his algorithm terminates for an angle bound of 8@°talbeit with no guarantee

of good grading. The means by which he obtains this bound is discussed in Section 3.5.2. Note that Chew’s
paper also discusses triangular meshing of curved surfaces in three dimensions, but | consider the algorithm
only in its planar context.

3.4.1 Description of the Algorithm

Chew’s algorithm begins with the constrained Delaunay triangulation of a segment-bounded PSLG, and
uses Delaunay refinement with locked subsegments and a quality bodhd-=of, but there is no idea of
encroached diametral circles. However, it may arise that a skinny triaegienot be split becausgeand its
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Figure 3.19:Meshes generated with Ruppert’s algorithm for several different quality bounds. The algorithm
does not terminate for angle bounds of 34.3° or higher on this PSLG.

circumcentek lie on opposite sides of a subsegmerfpossibly withc outside the triangulation). Because

s is locked, inserting a vertex atwill not removet from the mesh. Instead; is rejected for insertion,

and all free vertices (but not input vertices or vertices that lie on segments) that lie in the interior of the
diametral circle ofs and are visible from the midpoint afare deleted. Then, a new vertex is inserted at
the midpoint ofs. The Delaunay property is maintained throughout all deletions and insertions, except that
locked subsegments are not flipped. Figure 3.20 illustrates a subsegment split in Chew's algorithm.

If several subsegments lie betweeandc, only the subsegment visible from the interioria$ split.

| claim that Chew’s algorithm is roughly equivalent (enough for the purposes of analysis) to a variant
of Ruppert’'s algorithm in which diametral circles are replaced witmetral lensesillustrated in Fig-
ure 3.21(a). The diametral lens of a subsegmestthe intersection of two disks whose centers lie on each
other’'s boundaries, and whose boundaries intersect at the endpoint#t édllows that the defining disks
have radiug|s|/+/3, and their centers lie on the bisectorsadt a distance ofs|/+/3 from s. The subsegment
s is splitif there is a vertex, or an attempt to insert a vertex, in or on the boundary of its diametral lens, unless
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Figure 3.20:At left, a skinny triangle and its circumcenter lie on opposite sides of a subsegment. At right,
all vertices in the subsegment’s diametral circle have been deleted, and a new vertex has been inserted at
the subsegment’s midpoint.

(@) (b)

Figure 3.21:(a) A hybrid Chew/Ruppert algorithm uses diametral lenses. Only vertices in the shaded region
encroach upon this subsegment. Note the equilateral triangles; a circumcenter at the lowest point of the
lens arises from any triangle whose vertices all lie on the upper lens’s boundary. (b, c) If a skinny triangle
and its circumcenter lie on opposite sides of a subsegment, then either the circumcenter or a vertex of the
triangle lies within the subsegment’s diametral lens.

another subsegment obstructs the line of sight between the encroaching vertex and the midpohg of
in Chew’s algorithm, subsegments are locked, and all visible free vertices are deleted from a subsegment’s
diametral circle before the subsegment is bisected.

Why are these algorithms equivalent? Lebe a skinny triangle whose circumcenteties on the
opposite side of a subsegment Lemma 13 shows that some verte>of the skinny triangle lies inside
the diametral circle of, on the circumcircle of. There are two possibilities: eitherencroaches uposn
(Figure 3.21(b)), o: encroaches upaoi(Figure 3.21(c)). Hence, the modified Ruppert algorithm will split
any subsegment Chew’s algorithm would split.

Conversely, if a vertex lies in or on the boundary of the diametral lerstben the triangle containing
s (on the same side of as the encroaching vertex) is skinny, and its circumcenter is on the other side
of s. Hence, Chew’s algorithm will split any subsegment the modified Ruppert algorithm would split.
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Figure 3.22:(a) Example where a subsegment is encroached upon by a vertex in its diametral lens. In the
worst case, r, = r.cosf. (b) Example where a subsegment is encroached because a skinny triangle and
its circumcenter lie on opposite sides of the subsegment.

(Technically, this is not quite true; Chew’s algorithm might decline to split a subsegment for which a vertex
lies precisely at the intersection of the subsegment’s bisector and the boundary of its diametral lens, thereby
forming a triangle with two angles of precisedy°. This difference does not affect the analysis of the
algorithms.)

The modified Ruppert algorithm has a small speed advantage because it avoids inserting many of the
vertices that would be deleted later in Chew’s algorithm.

Compared to diametral circles, diametral lenses have the disadvantage that the final mesh is not guaran-
teed to be Delaunay, but they have two advantages. First, many subsegment splits are avoided that would
otherwise have occurred. Hence, the final mesh may have fewer triangles. Second, when a subsegment
split does occur, the parent vertex= p(v) cannot be too near a pole of the diametral circle, and the ratio
betweenr, andr, is better bounded. Whereas Lemma 15 could only guaranteeJrT_atr—I;, diametral
lenses make a better bound possible.

3.4.2 Proof of Good Grading and Size-Optimality

| generalize lenses to allow the andlehat defines the shape of a lens, illustrated in Figure 3.22(a), to
assume values other thaa°. The lens anglé is independent of the angle bouartsin %; for instance,
Ruppert’s unmodified algorithm h#s= 45°. There is little sense, though, in makiigsmaller than the
angle bound, because reducbelowarcsin ﬁ will only allow the insertion of more vertices that will be
deleted. 1f8 < 30°, there is the problem that a skinny triangle and its circumcircle might lie on opposite
sides of a subsegment without any vertex falling in its lens, as illustrated in Figure 3.22(b). In this case, one
must use Chew’s formulation of the algorithm, so that the subsegment is properly considered encroached;
but diametral lenses may be employed as well, because they save time in the cases where a vertex does fall
inside.

It is this mixed formulation | envision for the proof that follows. | show that Chew’s algorithm with
f = arcsin ﬁ exhibits guaranteed grading 6y > @ = 1.12, giving an angle bound of up tacsin % =

26.56°. (Although | shall not give details, # = 30°, one may prove guaranteed grading only/for- % =
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Figure 3.23:(a) Figure for the case where exactly one vertex is in the semicircle. (b) Figure for the case
where more than one vertex is in the semicircle.

1.15, giving an angle bound of up tacsin @ = 25.65°.)

The proof requires an adjustment of the definition of “insertion radius” to accommodate the necessary
use of constrained Delaunay triangulations. The insertion radiofthe circumcentet of a skinny triangle
t is now defined to be the radius 6§ circumcircle, whether or not the circumcircle contains any vertices.
Recall that by the previous definition, was the length of the longest edge that would adjoih ¢ were
inserted. The only circumstance in which these definitions differ is vt ¢ lie on opposite sides of a
subsegment, and other vertices lie€mcircumcircle. These vertices do no harm becausenot actually
inserted;c only acts as a placeholder relating the insertion radii of its paremtd its child. The change in
definition is necessary, because otherwise the inequality Br,, proven in Lemma 15, is invalidated.

Lemma 21 Let# be the angle that defines the shape of each diametral lens, as illustrated in Figure 3.22(a),
wheref satisfiesarcsin ﬁ < 0 < 45°. Lets be a subsegment encroached upon by the circumcermta
skinny trianglet. Suppose that all vertices in the diametral circlesadre deleted (except those not visible
from the midpoint of), and a vertex is inserted at the midpoint af Then there is some vertpxrejected

for insertion in or deleted from the diametral circle @fsuch that-, > r, cos 6.

Proof. Because all vertices visible fromare deleted from inside the diametral circlesof-, is equal to
the radius of that diametral circle. (Vertices not visible fromannot affect’s insertion radius, because an
edge cannot connect themg

If the circumcentet: lies in (or on the boundary of) the diametral lensspthen the maximum possible
value ofr. occurs withe simultaneously on the boundary of the lens and on the bisectorgfillustrated in
Figure 3.22(a). The circumcircle centered:&an contain no vertices on or abayeso its radius is limited
by the nearest endpoint ef Hencey, > r. cos 8; define the parent af to bec.

The case just described is sufficient to prove the lemmiaif30°. However, ifd < 30°, thenc might
not fall in the lens; rather might be encroached becausandc lie on opposite sides of, as illustrated in
Figure 3.22(b). Assume without loss of generality thigs aboves, with ¢ below. By Lemma 13, at least
one vertex of lies strictly inside the upper half of the diametral circlesofThere are two cases, depending
on the number of vertices in the interior of this semicircle.

If the upper semicircle contains only one verigxhent is defined byu ands. Because is skinny and
f > arcsin %, u must lie in the shaded region of Figure 3.23(a), and therefpre r, cos 6. Define the
parent ofv to bew.

If the upper semicircle contains more than one vertex, consider Figure 3.23(b), in which the shaded
region represents points within a distance-gfrom a subsegment endpoint. If some vertekes in the

shaded region, then, < r,; define the parent af to bew. If no vertex lies in the shaded region, then there
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are at least two vertices in the white region of the upper semicirclew lbet the most recently inserted of
these vertices. The vertexis no further than, from any other vertex in the white region, 89 < r,;
define the parent af to bew. [ ]

Lemma 21 extends the definition of parent to accommodate a new type of encroachment. If a subsegment
is encroached because a triangle and its circumcenter lie on opposite sides of the subsegment, although no
vertex encroaches upon the subsegment’s diametral lens, then the parent of the newly inserted midpoint is
defined to be a vertex in the upper half of the subsegment’s diametral circle. It is important that the parent
is inside the diametral circle af because Lemma 17, which bounds the density of vertices near a vertex,
relies on the assumption thigty| < r,,.

What if the diametral circle of contains a vertex that is visible fromw but not deleted? Eitheris an
input vertex, or lies on a segment. The analysis of Lemma 21 does not apply, becaiss@t most)uv|,
which is smaller than the diametral radiussofin this casex andwv lie on nonincident input features, so
r, > Ifs(v); this case is already covered by the analysis of Lemma 15. Choose the input vertex or segment
vertex closest t@ to be the parent af.

Do the differences between Chew’s algorithm and Ruppert’'s original algorithm invalidate any of the
assumptions used in Section 3.3 to prove termination? None of the bounds proven in Theorem 16 and
Lemma 18 is invalidated. When a vertex is deleted from a Delaunay triangulation, no vertex finds itself
adjoining a shorter edge than the shortest edge it adjoined before the deletion. (This fact follows because
a constrained Delaunay triangulation connects every vertex to its nearest visible neighbor.) Hence, each
vertex’s insertion radius still serves as a lower bound on the lengths of all edges that connect the vertex to
vertices older than itself, and therefore Theorem 16 and Lemma 18 are still true.

The only part of the termination proof that does not apply to Chew’s second algorithm is the assumption
that every operation inserts a new vertex. If vertices can be deleted, are we sure that the algorithm termi-
nates? Observe that vertex deletions only occur when a subsegment is split, and vertices are never deleted
from subsegments. Theorem 16 sets a lower bound on the length of each subsegment, so only a finite num-
ber of subsegment splits can occur. After the last subsegment split, no more vertex deletions occur, and
termination may be proven in the usual manner.

The consequence of the bound proven by Lemma 21 is illustrated in the dataflow graph of Figure 3.24.
Recall that termination is guaranteed if no cycle has a product less than one. Hence, a condition of ter-
mination is thatB cos@ > 1. The best bound that satisfies this criterion, as well as the requirement that

0 > arcsin %, isB = § = 1.12, which corresponds to an angle bounchafsin % = 26.5°.

Theorem 22 Suppose the quality bound is strictly larger than@, and the smallest angle between two
incident segments in the input PSLG is strictly greater th&h There exist fixed constani3r > 1 and

Dg > 1 such that, for any vertex inserted (or considered for insertion and rejected) at the circumcenter
of a skinny triangle D, < D7, and for any vertex inserted at the midpoint of an encroached subsegment,
D, < Dg.

Proof: Essentially the same as the proof of Lemma 18, except that Lemma 21 makes it possible to replace
Condition 3.2 with

Dr
Dg >
5= cos 6
> 14 2BDr (3.4)

4B? —1
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Figure 3.24:Dataflow diagram for Chew’s algorithm (with a variable angle condition).

If the quality boundB is strictly larger than@, Conditions 3.1 and 3.4 are simultaneously satisfied by
choosing

. _(1+%)\/4B2—1 o YAB® 1428
VB —1-2 ST VAR —1-2
Dy and Dg must also satisfy the conditions specified in Lemma 18 related to the angles between seg-
ments. IfB > @ andapi, > 60°, there are values dDr and D¢ that satisfy the theorem. [ |

Theorem 19, which bounds the edge lengths of the mesh, generalizes directly to cover Chew’s algorithm,
SO we may compare this analysis with that of Ruppert’s algorithm. As in Section 3.3, consider triangulating
a PSLG (having no acute input angles) so that no angle of the output mesh is smallésthd&ence
B = 1.93. For this choice oB, Dy = 3.27 and Dg = 4.39, compared to the corresponding value$ .66
and9.01 for Ruppert’s algorithm. Hence, the spacing of vertices is at worst a little more than five times the
local feature size, and a little more than four times the local feature size away from boundaries. Because the
worst-case humber of triangles is proportional to the squaresefChew’s algorithm is size-optimal with a
constant of optimality almost four times better than Ruppert’s algorithm. Of course, worst-case behavior is
never seen is practice, and the observed difference between the two algorithms is less dramatic.

3.5 Improvements

Here, | describe several modifications to the Delaunay refinement algorithms that improve the quality of the
elements of a mesh. The first modification improves the quality of triangles away from the boundary of the
mesh; the second, which generalizes an idea of Chew, improves the quality of triangles everywhere.
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3.5.1 Improving the Quality Bound in the Interior of the Mesh

The first improvement arises easily from the discussion in Section 3.3.3. So long as no cycle having a
product less than one appears in the insertion radius dataflow graph (Figure 3.18 or 3.24), termination is
assured. The barrier to reducing the quality bo;lmldelowé is the fact that, when an encroached segment

is split, the child’s insertion radius may be a factor@‘ smaller than its parent's. However, not every
segment bisection is a worst-case example, and it is easy to explicitly measure the insertion radii of a parent
and its potential progeny before deciding to take action. One can take advantage of these facts with any one
of the following strategies.

e Use a quality bound aB = 1 for triangles that are not in contact with segment interiors, and a quality
bound of B = /2 (for diametral circles) o3 = § (for diametral lenses) for any triangle having a
vertex that lies in the interior of a segment.

e Attempt to insert the circumcenter of any triangle whose circumradius-to-shortest edge ratio is larger
than one. If any subsegments would be encroached, the circumcenter is rejected as usual, but the
encroached subsegments are split only if the triangle’s circumradius-to-shortest edge ratio is greater
than+/2 (for diametral circles) o@ (for diametral lenses).

e Attempt to insert the circumcenter of any triangle whose circumradius-to-shortest edge ratio is larger
than one. If any subsegments would be encroached, the circumcenter is rejected as usual, and each
encroached subsegment is checked to determine the insertion radius of the new vertex that might be
inserted at its midpoint. The only midpoints inserted are those whose insertion radii are at least as
large as the length of the shortest edge of the skinny triangle.

The first strategy is easily understood from Figure 3.25. Because segment vertices may have smaller
insertion radii than free vertices, segment vertices are only allowed to father free vertices whose insertion
radii are larger than their own by a factor ¢ or § as appropriate. Hence, no diminishing cycles are
possible.

The other two strategies work for an even more straightforward reason: all vertices (except rejected
vertices) are expressly forbidden from creating descendants having insertion radii smaller than their own.
The third strategy is more aggressive than the second, as it always chooses to insert a vertex if the second
strategy would do so.

The first strategy differs from the other two in its tendency to space segment vertices more closely than
free vertices. The other two strategies tend to space segment vertices and free vertices equally, at the cost
of spacing the latter more densely than necessary. The first strategy interrupts the propagation of reduced
insertion radii from segment vertices to the free vertices, whereas the other two interrupt the process by
which free vertices create segment vertices with smaller insertion radii. The effect of the first strategy is
easily stated: upon termination, all angles are better 26817 or 26.5°, and all triangles whose vertices do
not lie in segment interiors have angles3of or better. For the other two strategies, the delineation between
26.5° triangles and0° triangles is not so clear, although the former only occur near boundaries.

None of these strategies compromises good grading or size-optimality, although the bounds may be
weaker. Assume that a quality boutis applied to all triangles, and a stronger quality bounyd > 1
applies in the interior of the mesh. Then Equation 3.1 is accompanied by the equation

Dr
Dpr>1+—
T = +B[’
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Figure 3.25:This dataflow diagram demonstrates how a simple modification to Ruppert’s or Chew’s algo-
rithm can improve the quality of elements away from mesh boundaries.

which holds true when

By
Dy > .
T=B-1

If this bound is stricter than the bounds already given in the proof of Lemma 18 (for diametral circles)
or 22 (for diametral lenses), thelg must also be recalculated using Equation 3.2. Furthermore, if the
second or third strategy is used, thBr increases increased to matbRy (Condition 3.2 no longer holds.)
However, if B > /2 (for Ruppert’s algorithm) o3 > @ (for Chew’s), By > 1, anday,, > 60°, there
are values of) and D¢ that satisfy the lemma.

3.5.2 Range-Restricted Segment Splitting

In this section, | suggest another algorithmic change that generalizes an idea of Chew [21]. Both Ruppert’s
and Chew’s algorithms may be modified to make it possible to apply a quality bousa=of to all triangles

of the mesh, although there is no accompanying guarantee of good grading. | shall consider Ruppert’s
algorithm first, then Chew’s.

Observe that the only mechanism by which a vertex can have a child with a smaller insertion radius than
its own is by encroaching upon a subsegment. Furthermore, an encroaching circumagariaot have
a child whose insertion radius is smaller tharv/2, and hence it cannot cause the splitting of a segment
whose length is less thayi2r,. On the other hand, if causes the bisection of a segment whose length is
2r, or greater, the child that results will have an insertion radius of attgastonclude that a vertex can
only produce a child whose insertion radius is less thaifia segment is present whose length is between
V2r, and2r,. If no such segment exists, the cycle of diminishing edge lengths is broken.

Thus the motivation forange-restricted segment splittingVhenever possible, the length of each sub-
segment is restricted to the rang®, wherec € (1,+/2] andz is an integer. This restriction is illustrated
in Figure 3.26, wherein darkened boxes on the number line represent legal subsegment lengths. The posi-
tive integers are partitioned into contiguous sets, each having a geometric wigdth ahd alternate sets
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Figure 3.26:Legal subsegment lengths are of the form 27, where c € (1,+/2] and z is an integer.

are made illegal. With this choice of partition, the bisection of any legal subsegment will produce legal
subsegments.

Of course, input segments might not have legal lengths. However, when an encroached segment of
illegal length is split, rather than place a new vertex at its midpoint, one may place the vertex so that the
resulting subsegments fall within the legal range.

How does this restriction help? A vertex whose insertion radius is greateRthimm some integet:
cannot have a descendant whose insertion radi2is @ smaller unless a subsegment having illegal length
is split. However, each illegal subsegment can be split only once, yielding subsegments of legal length;
hence, the fuel for diminishing edge lengths is in limited supply.

An illegal segment of the form2®, wherec € (v/2,2] andz is an integer, is split into subsegments of
lengthsc; 2 andcy2* as follows.

o If c€ (V2, %], thenc; = % andcy =c—c¢y.

o If ce (3, 2+2ﬁ], thenc; = 1+ e andey = ¢ — ¢;. (Here,e is an infinitesimal value used becausis
technically not in the legal range. In practiee= 0 is recommended.)

e lfce (#,Q], thenc; = @ andcy = ¢ —c;.

The most unbalanced split occurs:if= % Then, the ratio betwean andcis % = 0.2357.

| shall show formally that Delaunay refinement with range-restricted segment splitting terminates for
any quality boundB > 1. Define theinsertion radius floor/ of a vertexv to be the largest power of two
that is strictly less than the vertex’s insertion radtys

Lemma 23 LetlIfs,,;, be the shortest distance between two nonincident entities (vertices or segments) of
the input PSLG. Suppose that a triangle is considered to be skinny if its circumradius-to-shortest edge ratio
is larger thanB > 1. Suppose also that the input PSLG has no angles smallertbfar_etv be a vertex

of the mesh, and lgt = p(v) be its parent, if one exists. Then eithgr> Ifs,,;, /6, or rj, > r,,.

Proof: If v is an input vertex, then Ifs, < Ifs(v) <r, < 27/, and the theorem holds.

If v is inserted at the circumcenter of a skinny triangle, then by Lemma,1%5, Br,,. BecauseB > 1,
it follows thatr;, > r,,.

If v is inserted at the midpoint of an encroached subsegméngere are three cases to consider.

e If the parentp is an input vertex, or was inserted on a segment not incident to the segment containing
s, then Ifsyin < Ifs(v) < r, <27,
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e If v andp lie on incident segments separated by an anghhere60° < o < 90°, then by Lemma 15,
ry > 522— > 1p. Therefores] > .

2cos

e If p is a circumcenter that was considered for insertion but rejected because it encroachas upon
there are two subcases to consider.

o If s has legal length2®, wherec € (1, /2] andz is an integer, then is precisely bisected. By

Lemma 157, > % However,r, = c2* ! is in a legal range, sgd, > r;,. If ! were smaller

thanr,, thenr,, would lie in the illegal rangé%, Tpl-
o If s has illegal length:2%, wherec € (v/2,2] andz is an integer, then the most unbalanced split

possible occurs i& = % in which casec; = @ Becauses has illegal length, it must be an
input segment, and its endpoints are input vertices, gelfs no greater tham2”. The insertion
radiusr, is equal tac; 27, Because; 27 is in a legal rangey,, > ~=. Hence,

V2

Ifsmin Ifsmin
2

rh - \/_ Ty

c2%
< 2

- \/_012:5
< 6,

and the theorem holds. [ |

Theorem 24 Suppose that any two incident segments are separated by an angle of atlgaand a
triangle is considered to be skinny if its circumradius-to-shortest edge ratio is largerithanl. Ruppert's
algorithm with range-restricted segment splitting will terminate, with no triangulation edge shorter than
Ifsmin/ﬁ-

Proof: By Lemma 23, the insertion radius flody of every vertex is either greater than or equal toJfs /6,

or greater than or equal to the insertion radius floor of some preexisting vertex. Because a vertex’s insertion
radius floor is a lower bound on its insertion radius, no edge smaller than /sis ever introduced into

the mesh, and the algorithm must terminate. ]

The bound can be improved to |fs,/4. The bound of Ifg;,/6 results because a segment of length
Ifsmin May undergo a worst-case unbalanced segment split. To prevent this, define the legal ranges to be
of the formc2® wherec € [IfSpin, V2lfsmin], instead ofe € (1, v/2]. With this choice of legal range, only
segments longer thaw2Ifs,,;, undergo an unbalanced split, and only segments of length atgéag;n
undergo a worst-case unbalanced split. To implement this modification, the initial triangulation must be
scanned to determine the value of[fs.

| recommend two changes to range-restricted segment splitting for practical implementation. First, legal
lengths may be defined by the closed rafige/2] rather thar(1, v/2]. Theoretically, this can be justified by
the fact that a vertex inserted at the midpoint of a segment because of an encroaching circumcenter has an
insertion radiusstrictly greater than% times its parent’s. In practice, floating-point roundoff error renders
such quibbles meaningless, but the choice of this legal range is justified because there is always some “slack”
in the mesh; not every inserted vertex has the smallest possible insertion radius relative to its parent. If a
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Figure 3.27:An example demonstrating a modification to the method of splitting certain illegal segments.
The original method (left) splits an illegal segment of length 1.499 into legal subsegments of lengths @
and 1.499 — \/T§- The modified method (right) splits it into an illegal subsegment of length 0.999 and a legal

subsegment of length 0.5. If the illegal subsegment is split in turn, both of its subsegments are legal, and
neither is shorter than the smaller subsegment of the original method.

closed legal range is used, redefine the insertion radius f{ptr be the largest power of two that is less
than or equal te,, rather than strictly less than.

The second change modifies the rule for values iofthe range(v/2, %]. In this case, choosg = %
andce = ¢ — ¢;. For this choiceg, is not a legal length, but if the illegal subsegment of leng@¥ is itself
split, two legal subsegments result, and the smaller one has |¢{§gm This subsegment is no worse than
the smaller subsegment of the original scheme, as Figure 3.27 illustrates. If by good fortune the subsegment
having lengthc, 2% is not split, the creation of an unnecessarily small feature is avoided.

Theorem 24 holds even if the two practical changes discussed above are used, with small modifications
to the proof.

I turn now to Chew’s algorithm. Another advantage of diametral lenses over diametral circles is that they
make it possible to use narrower illegal ranges. An encroaching circumeecdgmnot have a child whose
insertion radius is smaller than cos 6, so the width of each illegal range need onlyggg. For instance,
if # = 30°, one may use illegal ranges having a geometric width}gefi 1.15 instead ofy/2 = 1.41. In

this case, illegal segment lengths are of the fo2fy wherec € (v/3,2), andz is an integer.

Because the legal range can be made wider, and the illegal range narrower, than when diametral circles
are used, splitting an illegal segment to yield legal segments is easier. Chew handles illegal segments by
trisecting them; one can do better by splitting them into two pieces, just unevenly enough to ensure that both
subsegment lengths are legal. The following recipe is suggested.

o lfce (V3,1+ @],thencl =1landecy =c—cy.
o lfce(1+ @,2), thenc; = @ andcy = ¢ — c1.

The most unbalanced split occurs:ifs infinitesimally larger thar/3. In this case, the ratio betweenand

c is approximatelyi — % = (0.4226, which isn’t much worse than bisection.

For comparison, | shall describe how Chew [21] guarantees that his algorithm terminates for an angle
bound of30°. Chew employs range-restricted segment splitting, but uses only one range instead of an infinite
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Figure 3.28:(a) A PSLG with a tiny segment at the bottom tip. (b) With a minimum angle of 32° (B = 0.944),
Ruppert's algorithm creates a well-graded mesh, despite the lack of theoretical guarantees. (c) With a
minimum angle of 33.5° (B = 0.906), grading is poor.

sequence of ranges. For an appropriate val(s=e Chew for details, but one could dse- Ifsyin /2), Chew
declares the rang@/3h, 2h) invalid; subsegments with lengths betwelayi3h and4h are trisected rather
than bisected. Hence, no edge smaller thaver appears.

There are two disadvantages of using a single illegal range, rather than an infinite series of illegal ranges.
The first is the inconvenience of computihgn advance. The second and more fundamental problem is that
if small angles are present in the input PSLG, edges smalleritimagay arise anyway; see Section 3.7 for a
discussion of the problem and its cures.

It does not appear to be possible to prove that Delaunay refinement with range-restricted segment split-
ting produces graded or size-optimal meshes with circumradius-to-shortest edge ratios that are very close to
one. The difficulty is that if a mesh contains a long segment with a small feature size at one end, the small
feature size might be expected to propagate along the whole length of the segment. A small subsegment at
one end of the segment might indirectly cause its neighboring subsegment to be split until the neighbor is
the same size. The neighboring subsegment might then cause its neighbor to be split, and so on down the
length of the segment.

As Figure 3.28 demonstrates, however, even if diametral circles are used, a chain reaction severe enough
to compromise the grading of the mesh only seems to occur in practice if the quality bound is less than about
0.92 (corresponding to an angle of ab@af)!

The meshes in this figure were generated without range-restricted segment splitting, which is useful as a
theoretical construct but unnecessary in practice. As | have mentioned before, there is a good deal of slack in
the inequalities that underly the proof of termination, because newly inserted vertices rarely have worst-case
insertion radii. As a result of this slack, any Delaunay refinement algorithm that handles boundaries in a
reasonable way seems to achieve angle bounds highe3@haAn examination of range-restricted segment
splitting reveals why we should expect this to be true: an ever-diminishing sequence of edges is possible
only through an endless chain reaction of alternating splits of segments of legal and illegal length, and only
if the sequence of vertex insertions encounters little slack on its infinite journey. Such an occurrence is
improbable.

The improvements described thus far are improvements to the circumradius-to-shortest edge ratio of
the triangles of a mesh; however, they have not reduced the minimum permissible angle between input
segments. The next two sections consider the problem of dealing with angles smalléi°th@he first of
these two sections sets limits on what is possible, and shows that we cannot be overly ambitious.
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Figure 3.29:1n any triangulation with no angles smaller than 30°, the ratio b/a cannot exceed 27.

3.6 A Negative Result on Quality Triangulations of PSLGs That Have Small
Angles

For any angle bound > 0, there exists a PSL® such that it is not possible to triangulaie without
creating a new corner (not present) whose angle is smaller thah This statement applies to any
triangulation algorithm, and not just those discussed in this thesis. Here, | discuss why this is true.

The result holds for certain PSLGs that have an angle much smallef ti@frcourse, one must respect
the PSLG; small input angles cannot be removed. However, one would like to believe that it is possible to
triangulate a PSLG without creating any small angles that aren’t already present in the input. Unfortunately,
no algorithm can make this guarantee for all PSLGs.

The reasoning behind the result is as follows. Suppose a segment in a conforming triangulation has been
split into two subsegments of lengthsandb, as illustrated in Figure 3.29. Mitchell [68] proves that if the
triangulation has no angles smaller thrthen the ratidh/a has an upper bound 62 cos #)'8%°/. (This
bound is tight if180° /6 is an integer; Figure 3.29 offers an example where the bound is obtained.) Hence
any bound on the smallest angle of a triangulation imposes a limit on the gradation of triangle sizes along a
segment (or anywhere in the mesh).

A problem can arise if a small angfeoccurs at the intersection vertexf two segments of a PSLG, and
one of these segments is separated by a much larger angle from a third segment incidégue 3.30
(top) illustrates this circumstance. Assume that the middle segment of the three is split by apyertex
which may be present in the input or may be inserted to help achieve the angle constraint elsewhere in the
triangulation. The insertion af forces the narrow region between the first two segments to be triangulated
(Figure 3.30, center), which may necessitate the insertion of a new vedexthe segment containing
Leta = |pg| andb = |op| as illustrated. If the angle bound is respected, the lengthnnot be large; the
ratioa/b is bounded below

sin ¢

o (cos(e +¢) + M) .

tan @

If the region above the narrow region is part of the interior of the PSLG, the fan effect demonstrated in
Figure 3.29 may necessitate the insertion of another vertetweeno andp (Figure 3.30, bottom); this
circumstance is unavoidable if the product of the bounds/eranda /b given above is less than one. For an
angle constraint of = 30°, this condition occurs wheg is about six tenths of a degree. Unfortunately, the
new vertex- creates the same conditions as the veptébut is closer tw; the process will cascade, eternally
necessitating smaller and smaller triangles to satisfy the angle constraint. No algorithm can produce a finite
triangulation of such a PSLG without violating the angle constraint.

This bound is probably not strict. It would not be surprising B0& angle bound is not obtainable by
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Figure 3.30:Top: A difficult PSLG with a small interior angle ¢. Center: The vertex p and the angle constraint
necessitate the insertion of the vertex ¢q. Bottom: The vertex ¢ and the angle constraint necessitate the
insertion of the vertex r. The process repeats eternally.

any algorithm forp = 1°, and Delaunay refinement often fails in practice to achie$@°angle bound for
¢ =5°.

Oddly, it appears to be straightforward to triangulate this PSLG using an infinite number of well-shaped
triangles. A vertex at the apex of a small angle can be shielded with a thin strip of well-shaped triangles,
as Figure 3.31 illustrates. (This idea is related to Ruppert’s technique of sisielg edge$82]. However,

Ruppert mistakenly claims that the region concealed behind shield edges always has a finite good-quality
triangulation.) The strip is narrow enough to admit a quality triangulation at the smallest input angle. Its
shape is chosen so that the angles it forms with the segments outside the shield are obtuse, and the region
outside the shield can be triangulated by Delaunay refinement. The region inside the shield is triangulated by
an infinite sequence of similar strips, with each successive strip smaller than the previous strip by a constant
factor close to one.
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Figure 3.31:How to create a quality triangulation of infinite cardinality around the apex of a very small
angle. The method employs a thin strip of well-shaped triangles about the vertex (left). Ever-smaller copies
of the strip fill the gap between the vertex and the outer strip (right).

Figure 3.32:A problem caused by a small input angle. Vertex v encroaches upon au, which is split at w.
Vertex w encroaches upon av, which is split at 2. Vertex = encroaches upon aw, and so on.

3.7 Practical Handling of Small Input Angles

A practical mesh generator should not respond to small input angles by failing to terminate, even if the only
alternative is to leave bad angles behind. The result of the previous section quashes all hope of finding a
magic pill that will make it possible to triangulate any PSLG without introducing additional small angles.
The Delaunay refinement algorithms discussed thus far will fail to terminate on PSLGs like that of Fig-
ure 3.30. Of course, Delaunay refinement algorithms should be modified so that they do not try to split any
skinny triangle that bears a small input angle. However, even this change does not help with the bad PSLGs
described in the previous section, because such PSLGs always have a small angle that is removable, but
another small angle invariably takes its place. How can one detect this circumstance, and ensure termination
of the algorithm without unnecessarily leaving many bad angles behind?

Figure 3.32 demonstrates one of the difficulties caused by small input angles. If two incident segments
have unmatched lengths, a endless cycle of mutual encroachment may produce ever-smaller subsegments
incident to the apex of the small angle. For diametral spheres, this phenomenon is only observed with angles
smaller thant5°; for diametral lenses, only with angles smaller than rougtlp4°.

To solve this problem, Ruppert [82] suggests “modified segment splitting using concentric circular
shells”. Imagine that each input vertex is encircled by concentric circles whose radii are all the powers
of two, as illustrated in Figure 3.33. When an encroached subsegment has an endpoint that is an input vertex
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Figure 3.33:If an encroached subsegment has a shared input vertex for an endpoint, the subsegment is
split at its intersection with a circular shell whose radius is a power of two.

long subsegment

short edge leads to another subsegment split

Figure 3.34:The short edge opposite a small angle can cause other short edges to be created as the
algorithm attempts to remove skinny triangles. If the small insertion radii propagate around an endpoint and
cause the supporting subsegments to be split, a shorter edge is created, and the cycle may repeat.

shared with another segment, the subsegment is split not at its midpoint, but at one of the circular shells, so
that one of resulting subsegments has a power-of-two length. The shell that gives the best balanced split is
chosen; in the worst case, the smaller resulting subsegment is one-third the length of the split subsegment. If
both endpoints are shared input vertices, choose one endpoint’s shells arbitrarily. Range-restricted segment
splitting may optionally be used on all subsegments not subject to concentric shell splitting. Each input
segment may undergo up to three unbalanced splits: two that create power-of-two subsegments at the ends
of the segment, and one to split an illegal subsegment lying between these two. All other subsegment splits
are bisections.

Concentric shell segment splitting prevents the runaway cycle of ever-smaller subsegments portrayed in
Figure 3.32, because incident subsegments of equal length do not encroach upon each other. Again, it is
important to modify the algorithm so that it does not attempt to split a skinny triangle that bears a small
input angle, and cannot be improved.

Modified segment splitting using concentric circular shells is generally effective in practice for PSLGs
that have small angles greater tHaxi, and often for smaller angles. It is always effective for polygons with
holes (for reasons to be discussed shortly). As the previous section hints, difficulties are only likely to occur
when a small angle is adjacent to a much larger angle. The negative result of the previous section arises
not because subsegment midpoints can cause incident subsegments to be split, but because the free edge
opposite a small angle is shorter than the subsegments whose endpoints define it, as Figure 3.34 illustrates.

The two subsegments of Figure 3.34 are coupled, in the sense that if one is bisected then so is the
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Figure 3.35: Concentric shell segment splitting ensures that polygons (with holes) can be triangulated,
because it causes small angles to be clipped off. This sequence of illustrations demonstrate that if a clipped
triangle’s interior edge is flipped, a smaller clipped triangle will result.

other, because the midpoint of one encroaches upon the other. This holds true for any two segments of

equal length separated by less th#d, if diametral circles are used, arctan \/1;3 — 30° = 34.34°, if

diametral lenses are used. Each time such a dual bisection occurs, a new edge is created that is smaller than
the subsegments produced by the bisection; the free edge can be arbitrarily small if the angle is arbitrarily
small. One of the endpoints of the free edge has a small insertion radius, though that endpoint’s parent
(typically the other endpoint) might have a large insertion radius. Hence, a small angle functions as an
“insertion radius reducer”. The new small edge will likely engender other small edges as the algorithm
attempts to remove skinny triangles. If small insertion radii propagate around an endpoint of the small edge,
the incident subsegments may be split again, commencing an infinite sequence of smaller and smaller edges.

If the PSLG is a polygon (possibly with polygonal holes), small insertion radii cannot propagate around
the small edge, because the small edge partitions the polygon into a skinny triangle (which the algorithm
does not attempt to split) and everything else. The small edge is itself flipped or penetrated only if there is
an even smaller feature elsewhere in the mesh. If the small edge is thus removed, the algorithm will attempt
to fix the two skinny triangles that result, thereby causing the subsegments to be split again, thus creating a
new smaller edge (Figure 3.35).

For general PSLGs, how may one diagnose and cure diminishing cycles of edges? A sure-fire way to
guarantee termination was hinted at in Section 3.5.1: never insert a vertex whose insertion radius is smaller
than the insertion radius of its most recently inserted ancestor (its parent if the parent was inserted; its
grandparent if the parent was rejected), unless the parent is an input vertex or lies on a nonincident segment.

This restriction is undesirably conservative for two reasons. First, if a Delaunay triangulation is desired,
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Figure 3.36:The simplest method of ensuring termination when small input angles are present has unde-
sirable properties, including the production of large angles and many small angles.
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Figure 3.37:(a) Example of a subsegment cluster. If all the subsegments of a cluster have power-of-two
lengths, then they all have the same length and are effectively split as a unit because of mutual encroach-
ment. (b) Several independent subsegment clusters may share the same apex.

the restriction might prevent us from obtaining one, because segments may be left encroached. A second,
more pervasive problem is demonstrated in Figure 3.36. Two subsegments are separated by a small input
angle, and one of the two is bisected. The other subsegment is encroached, but is not bisected because a
small edge would be created. One unfortunate result is that the triangle bearing the small input angle also
bears a large angle of almokt0°. Recall that large angles can be worse than small angles, because they
jeopardize convergence and interpolation accuracy in a way that small angles do not. Another unfortunate
result is that many skinny triangles may form. The triangles in the figure cannot be improved without
splitting the upper subsegment.

As an alternative, | suggest the following scheme.
The Quitter: A Delaunay refinement algorithm that knows when to give up. Guaranteed to terminate.

The Quitter is based on Delaunay refinement with concentric circular shells; range-restricted segment
splitting is optional. When a subsegmenis encroached upon by the circumcenter of a skinny triangle, a
decision is made whether to split it with a vertexor to leave it whole. (In either case, the circumcenter is
rejected for insertion.) The decision process is somewhat elaborate.

If neither endpoint ofs bears a small input angle (less thédf), or if both endpoints do, then is
split. Otherwise, let: be the apex of the small angle. Define thédsegment clustaf s to be the set of
subsegments incident tothat are separated frog or from some other member of the subsegment cluster
of s, by less thar60°. If diametral circles are used, once all the subsegments of a cluster have been split
to power-of-two lengths, they must all be the same length to avoid encroaching upon each other. If one is
bisected, the others follow suit, as illustrated in Figure 3.37(a).idfinserted it is called &igger vertex
because it may trigger the splitting of all the subsegments in a cluster.

If diametral lenses are used, it is no longer true that all the subsegments in a cluster split as a unit.
However, clusters are still defined by6@° angle, because diametral lenses do not diminish the problem of
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small edges appearing opposite a cluster apex.

The definition of subsegment cluster does not imply that all subsegments incident to an input vertex are
part of the same cluster. For instance, Figure 3.37(b) shows two independent subsegment clusters sharing
one apex, separated from each other by angles of atdéast

To decide whethes should be split, the Quitter determines the insertion ragdjusf v's grandparent
g (which is the parent of the encroaching circumcenter), and the minimum insertion ragiusf all the
midpoint vertices (including) that will be introduced into the subsegment clustes ib&ll the subsegments
in the cluster having lengtfs| or greater are split. If all the subsegments in the cluster have the same length,
thenrn,;, depends upon the smallest angle in the subsegment cluster.

The vertexv is inserted, splitting, only if one or more of the following three conditions hold.

o If rmin > g, thenv is inserted.

¢ If one of the segments in the subsegment clustertads a length that is not a power of two, theis
inserted.

¢ If no ancestor ob also lies in the interior of the segment containiyghenv is inserted. (Endpoints
of the segment are exempt.)

End of description of the Quitter.

If there are no input angles smaller théo?, the Quitter acts no differently from Ruppert's or Chew’s
algorithm by the following reasoning. Any encroached subsegmenthe only subsegment in its cluster,
andryin = . If sis precisely bisected, Theorem 16 states that the first conditign & r,) always
holds. If the length of is not a power of twos may be split unevenly, and hence the conditigi, > r,
may not be true, but the second condition above ensures that such splits are not prevented.

On the other hand, if small angles are present, and the first condition fails for some encroached segment,
the third condition identifies situations in which the mesh can be improved without threatening the guarantee
of termination. This rule attempts to distinguish between the case where a segment is encroached because
of small input features, and the case where a segment is encroached because it bears a small angle.

Theorem 25 The Quitter always terminates.

Proof sketch: Suppose for the sake of contradiction that the Quitter fails to terminate. Then there must be
an infinite sequence of vertic®swith the property that each vertex &f (except the first) is the child of its
predecessor, and for any positive real valysome vertex iri” has insertion radius smaller thdn(If there

is no such sequence of descendants, then there is a lower bound on the length of an edge, and the algorithm
must terminate.)

Say that a vertex has thediminishing propertyif its insertion radius floor, is less than that of all its
ancestors. The sequeniecontains an infinite number of vertices that have the diminishing property.

Thanks to Lemma 23, if a vertexhas an insertion radius floor smaller than that of all its ancestors, then
v must have been inserted in a subsegmantder one of the following conditions:

e s bears a small input angle, and the lengtfs & not a power of two.

e sis of illegal length.
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e sis encroached upon by an input vertex or a vertex lying on a segment not incident to

e sis encroached upon by a vertgxhat lies on an segment incident4@t an angle less thaid°.

Only a finite number of vertices can be inserted under the first three conditions. The first condition can
occur twice for each input segment (once for each end), and the second condition can occur once for each
input segment. Any subsegment shorter thap;f€annot be encroached upon by a nonincident feature, so
only a finite number of vertex insertions of the third type are possible as well. H&ho®yst contain an
infinite number of vertices inserted under the fourth condition.

However,V cannot have arbitrarily long runs of such vertices, because power-of-two segment splitting
prevents a cluster of incident segments from engaging in a chain reaction of ever-diminishing mutual en-
croachment. Specifically, @ be the largest power of two less than or equal to the length of the shortest
subsegment in the cluster. No subsegment of the cluster can be split to a length shor&r thanough
the mechanism of encroachment alone. The edges opposite the apex of the cluster may be much shorter than
27=1 put some other mechanism is needed to explain how the sequiecae contain insertion radii even
shorter than these edges. The only such mechanism that can be employed an infinite number of times is the
attempted splitting of a skinny triangle. Hendé&must contain an infinite number of trigger vertices.

One of the rules is that a trigger vertex may only be inserted if it has no ancestor in the interior of the
same segment. HencE, may only contain one trigger vertex for each input segment. It follows that the
number of trigger vertices ifr is finite, a contradiction. ]

The Quitter eliminates all encroached subsegments, so if diametral circles are used, there is ho danger
that a segment will fail to appear in the final mesh (if subsegments are not locked), or that the final mesh will
not be Delaunay (if subsegments are locked). Because subsegments are not encroached, an 8ijle near
cannot appear immediately opposite a subsegment (as in Figure 3.36), although large angles can appear near
subsegment clusters. The Quitter offers no guarantees on quality when small input angles are present, but
skinny triangles in the final mesh occur only near input angles lessstitan

The Quitter has the unfortunate characteristic that it demands more memory than would otherwise be
necessary, because each vertex of the mesh must store its insertion radius and a pointer to its parent (or, if its
parent was rejected, its grandparent). Hence, | suggest possible modifications to avoid these requirements.

The Quitter needs to know the insertion radius of a vertex only when a trigger weideébeing consid-
ered for insertion. It is straightforward to compute the insertion radii ahd the other vertices that will
be inserted into the cluster. However, the insertion radius of the grandparent of the trigger vertex is used
for comparison, and may not be directly computable from the mesh, because other vertices may have been
inserted neay sinceg was inserted. Nevertheless, it is reasonable to approximdig using the lengtla
of the shortest edge of the skinny triangle whose circumcentgs jsarent, illustrated in Figure 3.38. The
lengthd is an upper bound or, so its use will not jeopardize the Quitter’s termination guarantee; the mod-
ified algorithm is strictly more conservative in its decision of whether to inselvith this modification,
there is no need to store the insertion radii of vertices for later use.

The only apparent way to avoid storing a pointer from each vertex to its nearest inserted ancestor is to
eliminate the condition that a trigger vertex may be inserted if none of its ancestors lies in the same segment.
The possible disadvantage is that a small nearby input feature might fail to cause the segment to be split
even though it ought to have the privilege, and thus skinny triangles will unnecessarily remain in the mesh.
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Figure 3.38:The length d of the shortest edge of a skinny triangle is an upper bound on the insertion radius
r4 of the most recently inserted endpoint of that edge.

3.8 Conclusions

The intuition governing Delaunay refinement comes from an understanding of the relationship between the
insertion radii of parents and their children. Hence, | use dataflow graphs such as Figure 3.18 to demonstrate
these relationships. This manner of thinking brings clarity to ideas that otherwise might be hidden within
proofs. For instance, Figure 3.18 provides an immediate explanation for why Ruppert’s algorithm achieves
an angle bound of up t20.7° (which corresponds to a circumradius-to-shortest edge ratig2)f The

same ideas can be found in Ruppert’s original paper, but are somewhat obscured by the mathematics. By
bringing the intuition to the forefront, and by explicitly graphing the relationships between the insertion
radii of related vertices, | have found a variety of improvements to Delaunay refinement and its analysis,
which have been discussed in detail in this chapter and are listed again here.

e The minimum angle separating two input segments can be relaxed frogdthmund specified by
Ruppert to &0° bound. This observation comes from the dataflow graph of Figure 3.18.

e My new analysis of Chew'’s algorithm arose from my attempts to understand the relationship between
segment midpoints and their parents, which is reflected in the dataflow graph of Figure 3.24.

e The dataflow graphs for Ruppert’'s and Chew’s algorithms sparked my recognition of the fact that a
better quality bound can be applied in the interior of the mesh, as illustrated in Figure 3.25.

e The idea of range-restricted segment splitting arose from my attempts to find ways to weaken the
spiral of diminishing insertion radii. (Only later did | realize that Chew had developed a very similar
idea.)

e My method for handling small input angles works by preventing vertices from having children that
might contribute to a sequence of vertices with endlessly diminishing insertion radii.

Hence, this manner of approaching Delaunay refinement has shown great fecundity. Simple as these
dataflow graphs are, they have provided the clues that helped to unearth most of the new results in this thesis,
and in Chapter 4 they will prove themselves invaluable in studying tetrahedral Delaunay refinement, in which
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the relationships between the insertion radii of different types of vertices become even more complicated.
Most of the improvements in the list above will repeat themselves in the three-dimensional setting.

At this writing, | have not yet implemented diametral lenses. | expect them to outperform diametral
circles in circumstances in which long segments are present, because diametral lenses are less prone to be
split. On the other hand, diametral circles and diametral lenses will exhibit little or no difference for many
inputs whose boundaries are composed of many tiny segments, such as Figure 3.7 (bottom).

My negative result on quality triangulations comes as a surprise, as researchers in mesh generation have
been laboring for some time under false assumptions about what is possible in triangular mesh generation.
A few have mistakenly claimed that they could provide triangulations of arbitrary PSLGs with no new small
angles. Fortunately, a recognition of the fundamental difficulty of triangulating PSLGs with tiny angles
makes it easier to formulate a strategy for handling them. Once one realizes that the best one can hope for is
to minimize the unavoidable damage that small input angles can cause, it becomes relatively easy to develop
a method that prevents vertices having smaller and smaller insertion radii from being inserted. The method
| have suggested is somewhat more elaborate than what is necessary to guarantee termination, but is likely
to reward the extra effort with better triangulations.



Chapter 4

Three-Dimensional Delaunay Refinement
Algorithms

Herein, | build upon the framework of Ruppert and Chew to design a Delaunay refinement algorithm for
tetrahedral meshes. The generalization to three dimensions is relatively straightforward, albeit not with-
out complications. The basic operation is still the Delaunay insertion of vertices at the circumcenters of
simplices, and the result is still a mesh whose elements have bounded circumradius-to-shortest edge ratios.

Unfortunately, unlike the two-dimensional case, such a mesh is not necessarily adequate for the needs
of finite element methods. The reason is the existence of a type of tetrahedron csliiezt ar kite. The
canonical sliver is formed by arranging four vertices, equally spaced, around the equator of a sphere, then
perturbing one of the vertices slightly off the equator, as illustrated in Figure 4.1. As is apparent in the
figure, a sliver can have an admirable circumradius-to-shortest edge ratio (asj%\h) et be considered
awful by most other measures, because its volume and its shortest altitude can be arbitrarily close to zero.
Slivers have no two-dimensional analogue; any triangle with a small circumradius-to-shortest edge ratio is
considered “well-shaped” by the usual standards of finite element methods.

Slivers often survive Delaunay-based tetrahedral mesh generation methods because their small circum-
radii minimize the likelihood of vertices being inserted in their circumspheres (Figure 4.2). A perfectly flat
sliver whose edge lengths arelfs about the equator ang2Ifs,;, across the diagonals is guaranteed to
survive any Delaunay refinement method that does not introduce edges smaller tharbdsause every

Figure 4.1:A sliver tetrahedron.

83
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Figure 4.2:In three dimensions, skinny tetrahedra known as needles and caps have circumspheres signifi-
cantly larger than their shortest edge, and are thus eliminated when additional vertices are inserted, spaced
to match the shortest edge. A sliver can have a circumradius smaller than its shortest edge, and can easily
survive in a Delaunay tetrahedralization of uniformly spaced vertices.

point in the interior of its circumsphere is a distance less than,lffom one of its vertices; no vertex can
be inserted inside the sphere.

Despite this problem, Delaunay refinement methods are valuable for generating three-dimensional mesh-
es. The worst slivers can often be removed by Delaunay refinement, even if there is no theoretical guarantee.
Meshes with bounds on the circumradius-to-shortest edge ratios of their tetrahedra are an excellent starting
point for mesh smoothing and optimization methods designed to remove slivers and improve the quality
of an existing mesh (see Section 2.2.4). Even if slivers are not removed, Delaunay refinement tetrahedral-
izations are sometimes adequate for such numerical techniques as the control volume method [66], which
operates upon the Voronoi diagram rather than the Delaunay tetrahedralization. The Voronoi dual of a tetra-
hedralization with bounded circumradius-to-shortest edge ratios has nicely rounded cells, even if slivers are
present in the tetrahedralization itself.

In this chapter, | present a three-dimensional generalization of Ruppert’s algorithm that generates tetra-
hedralizations whose tetrahedra have circumradius-to-shortest edge ratios no greater than tti¢ ound
V2 = 1.41. If B is relaxed to be greater than two, then good grading can also be proven. | enhance the
algorithm with a structure similar to diametral lenses, and thereby achieve a tetrahedron quality bound of
B = % = 1.15, or a well-graded mesh for any tetrahedron quality bound that sathiEs% = 1.63.
Size-optimality, however, cannot be proven.
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) (b)

Figure 4.3:(a) Any facet of a PLC may contain holes, slits, and vertices; these may support intersections
with other polytopes or allow a user of the finite element method to apply boundary conditions. (b) When
a PLC is tetrahedralized, each facet of the PLC is partitioned into triangular subfacets, which respect the
holes, slits, and vertices.

4.1 Preliminaries

4.1.1 Piecewise Linear Complexes and Local Feature Size

Before defining a three-dimensional Delaunay refinement algorithm, it is necessary to define the input upon
which the algorithm will operate. | use a generalization of a planar straight line graph cailedeavise

linear complex(PLC); see Miller, Talmor, Teng, Walkington, and Wang [67] for a similar definition that
generalizes to any number of dimensions.

In three dimensions, a PLC is a set of vertices, segments, and facets. Vertices and segments are no dif-
ferent than in the two-dimensional case, except that they are embedded in three-dimensional space. Facets,
however, can be quite complicated in shape. A facet is a planar boundary, such as the rectangular and nearly-
rectangular facets that define the object depicted in Figure 4.3(a). As the figure illustrates, a facet may have
any number of sides, may be nonconvex, and may have holes, slits, or vertices in its interior. However, an
immutable requirement is that a facet must be planar.

A piecewise linear compleX is required to have the following properties.

e Forany facet inX, every edge and vertex of the facet must appear as a segment or vekxteklefice,
all facets are segment-bounded.

e X contains both endpoints of each segmenkof

e X is closed under intersection. Hence, if two facetXahtersect at a line segment, that line segment
must be represented by a segmenkofif a segment or facet oX intersects another segment or facet
of X at a single point, that point must be represented by a vertax in

e If a segment ofX intersects a facet ak at more than a finite number of points, then the segment
must be entirely contained in the facet. This rule ensures that facets “line up” with their boundaries.
A facet cannot be bounded by a segment that extends beyond the boundary of the facet.

The process of tetrahedral mesh generation necessarily divides each facet into triangular faces, as illus-
trated in Figure 4.3(b). Just as the edges that compose a segment are called subsegments, the triangular faces
that compose a facet are callsdbfacets All of the triangular faces visible in Figure 4.3(b) are subfacets,
but most of the faces in the interior of the tetrahedralization are not.
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Figure 4.4:Two incident facets separated by a dihedral angle of nearly 180°. What is the local feature size
at p?

Recall that any vertex inserted into a segment remains there permanently. When examining the algo-
rithms discussed in this chapter, keep in mind that vertices inserted into facets are also permanent, but the
edges that partition a facet into subfacetsrargpermanent, areottreated like subsegments, and are always
subject to flipping according to the Delaunay criterion.

Many approaches to tetrahedral mesh generation permanently triangulate the input facets as a separate
step prior to tetrahedralizing the interior of a solid. The problem with this approach is that these indepen-
dent facet triangulations may not be ideal for forming a good tetrahedralization when other surfaces are
taken into account. For instance, a feature that lies near a facet (but not necessarily in the plane of the
facet) may necessitate the use of smaller subfacets near that feature. The algorithms of this chapter use
an alternative approach, wherein facet triangulations are refined in conjunction with the tetrahedralization.
Each facet’s triangulation can change in response to attempts to improve the tetrahedra of the mesh. The
tetrahedralization process is not beholden to poor decisions made earlier.

Because the shape of a facet is versatile, the definition of local feature size does not generalize straight-
forwardly. Figure 4.4 demonstrates the difficulty. Two fadétandG are incident at a segmeft separated
by a dihedral angle of almo$80°. The facets are not convex, and they may pass arbitrarily close to each
other in a region far front. What is the local feature size at the poirt Becausd” andG are incident,
a ball large enough to intersect two nonincident features must have diameter as large as the width of the
prongs. However, the size of tetrahedra ne@ determined by the distance separatingind G, which
could be arbitrarily small. The straightforward generalization of local feature size does not account for this
peccadillo of nonconvex facets.

To develop a more appropriate metric, | defintaeet regionto be any region of a facet visible from
a single point on its boundary. (Visibility is defined solely by and within the facet in question.) Two facet
regions on two different facets are said toibeidentif they are defined by the same point. Figure 4.5
illustrates two incident facet regions, and the point that defines them. Two points, one hihgrd one
lying in G, are said to lie in incident facet regions if there is any point on the shared bound&rarud G
that is visible from both points. They are said to lie in nonincident facet regions if no such point exists. (For
higher-dimensional mesh generation, this definition extends unchanged to polytopes of higher dimension.)

Similarly, if a segmenf is incident to a facef” at a single vertex, thenS is said to be incident to the
facet region ofF" visible froma. If a vertexw is incident to a facef’, thenv is said to be incident to the
facet region ofF visible fromuw.

Given a piecewise linear compleX, | define the local feature size (fg at a pointp to be the radius of
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Figure 4.5:Shaded areas are two incident facet regions. Both regions are visible from the indicated point.

A \

Figure 4.6:Two incident facets separated by a dihedral angle of nearly 180°. The definition of local feature
size should not approach zero near v, but it is nonetheless difficult to mesh the region between F' and G
near v.

the smallest ball centered athat intersects two points that lie on nonincident vertices, segments, or facet
regions ofX. (To be rigorous, If§p) is sometimes the radius of the largest ball that doesn't intersect two
such points.)

Unfortunately, careful specification of which portions of facets are incident doesn't solve all the prob-
lems attributable to nonconvex facets. Figure 4.6 demonstrates another difficulty. Again, twd-facets
G are incident at a segmefit separated by a dihedral angle slightly less th&it. One endpoint of S'is a
reflex vertex ofF'. The incident facet regions defined by the ventdxave the same problem we encountered
in Figure 4.4: the local feature size at pointnay be much larger than the distance between facetsdG
at pointp.

In this case, however, the problem is unavoidable. Suppose one chooses a definition of local feature
size that reflects the distance betwdéandG atp. Asp moves toward, its local feature size approaches
zero, suggesting that infinitesimally small tetrahedra are needed to mesh the region Iméaitively and
practically, a useful definition of local feature size must have a positive lower bound.

The mismatch between the definition of local feature size proposed here and the small distance between
F and@ at p reflects a fundamental difficulty in meshing the facets of Figure 4.6—a difficulty that is not
present in Figure 4.4. In Figure 4.6, it is not possible to mesh the region betivesad G at v without
resorting to poorly shaped tetrahedra. The facets of Figure 4.4 can be meshed entirely with well-shaped
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Figure 4.7:In a sufficiently small neighborhood around any vertex, a PLC looks like a set of rays emitted
from that vertex.

tetrahedra. My three-dimensional Delaunay refinement algorithm outlaws inputs like Figure 4.6, at least for
the purposes of analysis.

There are two reasons why it makes sense to use visibility to define incident features. First, if a point
p is not visible from a boundary point of the same facet, there must be an edge, not incident tioat
separates from p. Second, if one studies a sufficiently small neighborhood around a vertex, any facet or
segment incident to the vertex appears to be a union of rays emanating from that vertex, as illustrated in
Figure 4.7. Hence, the local feature size does not approach zero anywhere. Incidentally, examination of an
arbitrarily small neighborhood around each vertex is sufficient to diagnose problems like that in Figure 4.6,
because the only input features that threaten the termination of Delaunay refinement are those that persist
no matter how small the tetrahedra become.

Lemma 14, which states that (i < Ifs(u)+|uwv| for any two points: andv, applies to this definition of
local feature size just as it applies in two dimensions. The only prerequisite for the correctness of Lemma 14,
besides the triangle inequality, is that there be a consistent definition of which pairs of points lie in incident
regions, and which do not.

4.1.2 Orthogonal Projections

Frequently in this chapter, | will use the notion of thithogonal projectiorof a geometric entity onto a line
or plane. Given a facet or subfacEtand a poinfp, the orthogonal projection prg[p) of p onto F' is the
point that is coplanar witl#" and satisfies the requirement that the liferoj;(p)] is orthogonal taF', as
illustrated in Figure 4.8. The projection exists whether or not it fall8'in

Similarly, the orthogonal projection prgfp) of p onto a segment or subsegmehts the point that is
collinear withS and satisfies the requirement that the direction of projection is orthogo®al to

Sets of points, as well as points, may be projectedF’ ind G are facets, then prpjG) is the set
{projp(p) : p € G}.



Generalization of Ruppert’s Algorithm to Three Dimensions 89

SO

Figure 4.8:The orthogonal projections of points and sets of points onto facets and segments.

4.2 Generalization of Ruppert’s Algorithm to Three Dimensions

In this section, | describe a three-dimensional Delaunay refinement algorithm that produces well-graded
tetrahedral meshes for any circumradius-to-shortest edge ratio bound greater than two. Improvements to the
algorithm are made in later sections. Miller, Talmor, Teng, Walkington, and Wang [67] have developed a
related algorithm, which will be discussed in some detail in Section 4.5.

4.2.1 Description of the Algorithm

Three-dimensional Delaunay refinement takéacat-boundedPLC as its input. Tetrahedralized and unte-
trahedralized regions of space must be separated by facets so that, in the final mesh, any triangular face not
shared by two tetrahedra is a subfacet. The algorithm begins with an unconstrained Delaunay tetrahedral-
ization of the input vertices, momentarily ignoring the input segments and facets. As in two dimensions,
the tetrahedralization is then refined by inserting additional vertices into the mesh, using an incremental
Delaunay tetrahedralization method such as the Bowyer/Watson method [12, 93] or an edge/face flipping
method [52, 78], until all segments and facets are present and all constraints on tetrahedron quality are met.
Vertex insertion is governed by three rules.

e Thediametral spheref a subsegment is the (unique) smallest sphere that contains the subsegment.
As in the two-dimensional algorithm, a subsegment is encroached if a vertex lies strictly inside its
diametral sphere, or if the subsegment does not appear in the tetrahedralization. Any encroached
subsegment that arises is immediately split by inserting a vertex at its midpoint. See Figure 4.9(a).

e Theequatorial spheref a triangular subfacet is the (unique) smallest sphere that passes through the
three vertices of the subfacet. (Thguatorof an equatorial sphere is the circle defined by the same
three vertices.) A subfacet is encroached if a vertex lies strictly inside its equatorial sphere, or if the
subfacet is expected to appear in the tetrahedralization but does not. (More on this shortly.) Each
encroached subfacet is normally split by inserting a vertex at its circumcenter. However, if a new
vertex would encroach upon any subsegment, it is not inserted; instead, all the subsegments it would
encroach upon are split. See Figure 4.9(b).

e A tetrahedron is said to kekinnyif its circumradius-to-shortest edge ratio is larger than some bound
B. (By this definition, not all slivers are considered skinny.) Each skinny tetrahedron is normally split
by inserting a vertex at its circumcenter, thus eliminating the tetrahedron; see Figure 4.9(c). However,
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Figure 4.9:Three operations for three-dimensional Delaunay refinement. (a) Splitting an encroached sub-
segment. Dotted arcs indicate where diametral spheres intersect faces. The subsegment and the en-
croaching vertex could each be on the surface or in the interior of the mesh. (b) Splitting an encroached
subfacet. The triangular faces shown are subfacets of a larger facet, with tetrahedra (not shown) atop them.
A vertex in the equatorial sphere of a subfacet causes a vertex to be inserted at its circumcenter. Afterward,
all equatorial spheres (included the two illustrated) are empty. (c) Splitting a bad tetrahedron. A vertex is
inserted at its circumcenter.

if a new vertex would encroach upon any subsegment or subfacet, then it is not inserted; instead, all
the subsegments it would encroach upon are split. If the skinny tetrahedron is not eliminated as a
result, then all the subfacets its circumcenter would encroach upon are split. (A subtle point is that,
if the tetrahedron is eliminated by subsegment splitting, the algorithm should not split any subfacets
that appear during subsegment splitting, or the bounds proven in the next section will not be valid.
Lazy programmers beware.)

Encroached subsegments are given priority over encroached subfacets, which have priority over skinny
tetrahedra.

The first obvious complication is that if a facet is missing from the mesh, it is difficult to say what its
subfacets are. With segments there is no such problem; if a segment is missing from the mesh, and a vertex
is inserted at its midpoint, one knows unambiguously where the two resulting subsegments should be. It is
less clear how to identify subfacets that do not yet exist.

The solution is straightforward. For each facet, it is necessary to maintain a triangulation of its vertices,
independent from the tetrahedralization in which we hope its subfacets will eventually appear. By comparing
the triangles of a facet’s triangulation against the faces of the tetrahedralization, one can identify subfacets
that need help in forcing their way into the mesh. For each triangular subfacet in a facet triangulation, look
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Facet

Figure 4.10:The top illustrations depict a rectangular facet and its triangulation. The bottom illustrations
depict the facet’s position as an interior boundary of a PLC, and its progress as it is inserted into the tetra-
hedralization. Most of the vertices and tetrahedra of the mesh are omitted for clarity. The facet triangulation
and the tetrahedralization are maintained separately. Shaded triangular subfacets in the facet triangulation
(top center) are missing from the tetrahedralization (bottom center). The bold dashed line (bottom cen-
ter) represents a tetrahedralization edge that passes through the facet. Missing subfacets are forced into
the mesh by inserting vertices at their circumcenters (right, top and bottom). Each of these vertices is
independently inserted into both the triangulation and the tetrahedralization.

for a matching face in the tetrahedralization; if the latter is missing, insert a vertex at the circumcenter of
the subfacet (subject to rejection if subsegments are encroached), as illustrated in Figure 4.10. The vertex
is inserted into both the tetrahedralization and the facet triangulation. Similarly, midpoints of encroached
subsegments are inserted into the tetrahedralization and into each containing facet triangulation.

In essence, Ruppert’s algorithm uses the same procedure to recover segments. However, the process of
forming a “one-dimensional triangulation” is so simple that it passes unnoticed.

Which vertices of the tetrahedralization need to be considered in a facet triangulation? It is a fact, albeit
somewhat nonintuitive, that if a facet appears in a Delaunay tetrahedralization as a union of faces, then
the triangulation of the facet is determined solely by the vertices of the tetrahedralization that lie in the
plane of the facet. If a vertex lies close to a facet, but not in the same plane, it may cause a subfacet to be
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Figure 4.111f a tetrahedron is Delaunay, the circumcircle of each of its faces is empty, because each face’s
circumcircle is a cross-section of the tetrahedron’s circumsphere.

missing (as in Figure 4.10), but it cannot affect the shape of the triangulation if all subfacets are present.
Why? Suppose a subfacet of a facet appears in the tetrahedralization. Then the subfacet must be a face of
a Delaunay tetrahedron. The subfacet’s circumcircle is empty, because its circumcircle is a cross-section
of the tetrahedron’s empty circumsphere, as illustrated in Figure 4.11. Therefore, if a facet appears in a
Delaunay tetrahedralization, it appears as a Delaunay triangulation. Because the Delaunay triangulation is
unique (except in nondegenerate cases), vertices that do not lie in the plane of the facet have no effect on
how the facet is triangulated.

Hence, each separately maintained facet triangulation need only consider vertices lying in the plane of
the facet. Furthermore, because each facet is segment-bounded, and segments are recovered (in the tetrahe-
dralization) before facets, each facet triangulation can safely ignore vertices that lie outside the facet (even
in the same plane). The requirements set forth in Section 4.1.1 ensure that all of the vertices and segments of
a facet must be explicitly identified in the input PLC. The only additional vertices to be considered are those
that were inserted on segments to force segments and other facets into the mesh. The algorithm maintains a
list of the vertices on each segment, ready to be called upon when a facet triangulation is initially formed.

Unfortunately, if a facet triangulation is not unique because of cocircularity degeneracies, then the fore-
going statement about extraplanar vertices having no effect on the triangulation does not apply. To be
specific, suppose a facet triangulation has four or more cocircular vertices, which are triangulated one
way, whereas the tetrahedralization contains a set of faces that triangulate the same vertices with a dif-
ferent (but also Delaunay) set of triangles, as illustrated in Figure 4.12. (If exact arithmetic is not used,
nearly-degenerate cases may team up with floating-point roundoff error to make this circumstance more
common.) An aggressive implementation might identify these cases and correct the facet triangulation so
that it matches the tetrahedralization (it is not always possible to force the tetrahedralization to match the tri-
angulation). However, inserting a new vertex at the center of the collective circumcircle is always available
as a lazy alternative.

To appreciate why | should choose this rather unusual method of forcing facets into the mesh, it is
worth comparing it with the most popular method [48, 96, 79]. In many tetrahedral mesh generators, facets
are inserted by identifying points where the edges of the tetrahedralization intersect a missing facet, and
inserting vertices at these points. The perils of so doing are illustrated in Figure 4.13. In the illustration,

a vertex is inserted where a tetrahedralization edge (bold dashed line) intersects the facet. Unfortunately,
the edge intersects the facet near one of the bounding segments of the facet, and the new vertex creates a
feature that may be arbitrarily small. Afterward, the only alternatives are to refine the tetrahedra near the
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Figure 4.12:A facet triangulation and a tetrahedralization may disagree due to cocircular vertices. This oc-
currence may be diagnosed and fixed as shown here, or a new vertex may be inserted at the circumcenter,

removing the degeneracy.

Figure 4.13:0ne may force a facet into a tetrahedralization by inserting vertices at the intersections of the
facet with edges of the tetrahedralization, but this method might create arbitrarily small features by placing

vertices close to segments.
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(b)

Figure 4.14:The relationship between the insertion radii of the circumcenter of an encroached subfacet
and the encroaching vertex. Crosses identify the location of an encroaching vertex having maximum dis-
tance from the nearest subfacet vertex. (a) If the encroached subfacet contains its own circumcenter, the
encroaching vertex is no further from the nearest vertex of the subfacet than /2 times the circumradius of
the subfacet. (b) If the encroached subfacet does not contain its own circumcenter, the encroaching vertex
may be further away.

new vertex to a small size, or to move or remove the vertex. Some mesh generators cope with this problem
by smoothing the vertices on each facet after the facet is competely inserted.

My facet insertion method does not insert such vertices at all. A vertex considered for insertion so close
to a segment is rejected, and a subsegment is split instead. This would not necessarily be true if edge-facet
intersections were considered for insertion, because such an intersection may be near a vertex lying on
the segment, and thus fail to encroach upon any subsegments. Subfacet circumcenters are better choices
because they are far from the nearest vertices, and cannot create a new small feature without encroaching
upon a subsegment.

Another advantage of my facet insertion method is that if a subfacet is missing from the mesh, there
must be a vertex inside its equatorial sphere, or in a degenerate case, several vertices on its equatorial
sphere. Hence, for the purposes of analysis, missing subfacets may be treated identically to facets that are
present but encroached. As in the two-dimensional case, the same is true for missing subsegments.

| shall pass implementation difficulties aside to analyze the algorithm. In analysis, however, subfacets
present another complication. It would be nice to prove, in the manner of Lemma 15, that whenever an
encroached subfacet is split at its circumcenter, the insertion radius of the newly inserted vertex is no worse
thany/2 times smaller than the insertion radius of its parent. Unfortunately, this is not true for the algorithm
described above.

Consider the two examples of Figure 4.14. If a subfacet that contains its own circumcenter is encroached,
then the distance between the encroaching vertex and the nearest vertex of the subfacet is no more than
V/2 times the circumradius of the subfacet. This distance is maximized if the encroaching vertex lies at a
pole of the equatorial sphere (where fhadesare the two points of the sphere furthest from its equator), as
illustrated in Figure 4.14(a). However, if a subfacet that does not contain its own circumcenter is encroached,
the distance is maximized if the encroaching vertex lies on the equator, equidistant from the two vertices of
the longest edge of the subfacet, as in Figure 4.14(b). Even if the encroaching vertex is well away from the
equator, its distance from the nearest vertex of the subfacet can still be largey2hames the radius of
the equatorial sphere. (I have confirmed through my implementation that such cases do arise in practice.)
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Figure 4.15:An encroached subfacet f that contains neither its own circumcenter v nor the projection of
the encroaching vertex p onto the plane containing f.

Rather than settle for a looser guarantee on quality, one can make a small change to the algorithm that
will yield a v/2 bound. Letf be an encroached subfacet that does not contain its own circumeerter
illustrated in Figure 4.15. Latand;j be vertices off, with 75 the edge that separatg¢drom v. Letp be the
vertex that encroaches upgnp will be the parent ob if the algorithm attempts to insest

Let F' be the facet that containg. Let proj.(p) be the orthogonal projection gf onto the plane
containingF’ (and hence). If proj,.(p) lies on the same side ¢f asf (or onij), there is no problem; the
ratio 1’:—1’ cannot be greater thay2. However, if proj:(p) lies on the same side @f asw (as illustrated),
there is no such guarantee.

In the latter case, however, one can show (with the following lemma) that there is some other subfacet
g of F' that is encroached hyand contains prgj(p). (There are two such subfacets if pr@p) falls on an
edge.) One can achieve the desired bound by modifying the algorithm tg $ipdit and delay the splitting
of f indefinitely.

Lemma 26 (Projection Lemma) Let f be a subfacet of the Delaunay triangulated fagetSuppose that
f is encroached by some vertgsstrictly inside the equatorial sphere ¢f butp does not encroach upon
any subsegment df. Thenproj.(p) falls within the facetF’, andp encroaches upon a subfacet Bfthat
containsprojx (p).

Proof: First, | prove that prgj(p) falls inside F', using similar reasoning to that employed in Lemma 13.
Suppose for the sake of contradiction that pi@) falls outside the faceF'. Let c be the centroid of; ¢
clearly lies insidef’. Because all facets are segment-bounded, the line segment connetttipgoj; (p)
must intersect some subsegment.et S be the plane that containsand is orthogonal td’, as illustrated

in Figure 4.16(a).

Becausef is a Delaunay subfacet @, its circumcircle (in the plane aof’) contains no vertices af'.
However, its equatorial sphere may contain vertices—inclugirgand f might not appear in the tetrahe-
dralization.

It is apparent thgt and proj. (p) lie on the same side &, as the projection is defined orthogonallyfo
Say that a point i;sideS if it is on the same side af asc, andoutsideS if it is on the same side gsand
proj.(p). Because the circumcenter fflies in F' (Lemma 13), and the circumcircle gfcannot enclose
the endpoints ot (f is Delaunay inF’), the portion off’s equatorial sphere outside lies entirely inside
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Figure 4.16:Two properties of encroached Delaunay subfacets. (a) If a vertex p encroaches upon a Delau-
nay subfacet f of a facet F', but its projection into the plane containing F' falls outside F', then p encroaches
upon some subsegment s of F' as well. (b) If a vertex p encroaches upon a subfacet f of a Delaunay trian-
gulated facet F', but does not encroach upon any subsegment of F', then p encroaches upon the subfacet(s)
g of F' that contains proj (p).

the diametral sphere af(as the figure demonstrates). Becapss strictly inside the equatorial sphere of
£, p also lies strictly within the diametral sphere ©fcontradicting the assumption thaencroaches upon
no subsegment aof'.

It follows that proj.(p) must be contained in some subfageidf F'. (The containment is not necessarily
strict; proj (p) may fall on an edge interior t&', and be contained in two subfacets.) To complete the proof
of the lemma, | shall show thatencroaches upog. If f = ¢ the result follows immediately, so assume

thatf # g¢.

Again, letc be the centroid of . The line segment connectirgo proj, (p) must intersect some edge
e of the subfacey, as illustrated in Figure 4.16(b). Létbe the plane that contairsand is orthogonal to
F. Say that a point is on thg-sideif it is on the same side of asg. Because the triangulation &f is
Delaunay, the portion of’s equatorial sphere on theside is entirely enclosed by the equatorial sphere of
g. The pointp lies on theg-side or in€ (because prgj(p) is contained iry), andp lies strictly within the
equatorial sphere of, so it must also lie strictly within the equatorial spheregpfind hence encroaches
upong. [ |

There is one case not covered by the Projection Lemnyaislimissing, the closest encroaching vertex
might lie precisely on the equatorial spherefofind also lie precisely on the diametral sphere, thereby
failing to encroackhs. In this case, however, the circumcenterfgbrecisely coincides with the midpoint of
s. Hence, the algorithm’s behavior will be no different tham Vere encroached hy.

One way to interpret the Projection Lemma is to imagine that the #dstorthogonally extended to
infinity, so that each subfacet &f defines an infinitely long triangular prism (Figure 4.17). Each subfacet’s
equatorial sphere dominates its prism, in the sense that the sphere contains any point in the prism that lies
within the equatorial sphere of any other subfaceFoflf a vertexp encroaches upon any subfacetrf
thenp encroaches upon the subfacet in whose pgsmcontained. lfp encroaches upon some subfacet of
F but is contained in none of the prisms, thealso encroaches upon some boundary subsegmént of

In the latter case, any boundary subsegments encroached upoarbysplit until none remains. The
Projection Lemma guarantees that any subfacefs eficroached upon hQyare eliminated in the process.
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Figure 4.17:Each subfacet's equatorial sphere dominates the triangular prism defined by extending the
subfacet orthogonally.

On the other hand, if the vertexis contained in the prism of a subfaggtand no subsegments are
encroached, then splitting is a good choice. Several new subfacets will appear, at least one of which
contains proj:(p); if this subfacet is encroached, then it is split as well, and so forth until the subfacet
containing proj.(p) is not encroached. The Projection Lemma guarantees that any other subfagets of
encroached upon hy(those that do not contain prgjp)) are eliminated in the process.

4.2.2 Proof of Termination

The proof of termination for the three-dimensional case is similar to that of the two-dimensional case.
Assume that in the input PLC, any two incident segments are separated by an aé@fleoofgreater. If

a segment meets a facet at one vertex, and the projection of the segment onto the facet (using a projection
direction orthogonal to the facet) intersects the interior of the facet, then the angle separating the segment
from the facet must be greater tharccos ﬁ = 69.3°. If the projection of the segment does not intersect

the interior of the facet, the Projection Lemma implies that no vertex on the segment can encroach upon any
subfacet of the facet without also encroaching upon a boundary segment of the facet(Sostgaration
between segments is sufficient to ensure termination.

The condition for two incident facets is more complicated. If both facets are convex and meet at a
segment, then it is sufficient for the facets to be separated by a dihedral afglfeafgreater. In general,
the two facets must satisfy the followinmojection condition

For any vertexo where two facetd” andG meet, let vis(F') be the facet region of” visible fromwv,
and define vis(G) likewise. By definition, vig(F') and vis,(G) are incident facet regions. No point of the
orthogonal projection of vigF') onto G may fall in the interior of vis(G). Another way to word it is to
say that vig(F') is disjoint from the interior of the prism formed by projecting Mi&) orthogonally (recall
Figure 4.17). Formally, for any pointon F' N G, the projection condition requires that pryis, (F')) N
interior(vis,(G)) = 0. This condition is equivalent to the converse condition, in whitkand G trade
places.
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The payoff of this restriction is that, by Lemma 26, no vertex in (4% may encroach upon a subfacet
contained entirely in vigG) without also encroaching upon a subsegmen&odr a subfacet of7 not
entirely in vis,(G). The converse is also true. The purpose of this condition is to prevent any vertex from
splitting a subfacet in an incident facet region. Otherwise, subfacets might be split to arbitrarily small sizes
through mutual encroachment in regions arbitrarily close to

The projection condition just defined is always satisfied by two facets separated by a dihedral angle of
exactly90°. It is also satisfied by facets separated by a dihedral angle greatedthd#the facets meet
each other only at segments whose endpoints are not reflex vertices of either facet. (Recall Figure 4.6, which
depicts two facets that are separated by a dihedral angle greated0thant fail the projection condition
because is a reflex vertex of'.)

The following lemma, which extends Lemma 15 to three dimensions, is true for the Delaunay refinement
algorithm described heretofore, if one is careful never to split an encroached sybtaattontains neither
its own circumcenter nor the projection prGp) of the encroaching vertex. (Even more liberally, an
implementation can easily measure the insertion radii of the parent and its potential progeny, and may split
f if the latter is no less tha% times the former.)

The insertion radius is defined as beforgis the length of the shortest edge incident ionmediately
afterv is inserted. The parent of a vertex is defined as before, with the following amendments. ttfe
circumcenter of a skinny tetrahedron, its pargfit) is the most recently inserted endpoint of the shortest
edge of that tetrahedron. ifis the circumcenter of an encroached subfacet, its parent is the encroaching
vertex closest t@ (whether that vertex is inserted or rejected).

Lemma 27 Letwv be a vertex of the mesh, and jet= p(v) be its parent, if one exists. Then eithgr >
Ifs(v), or r, > C'r,,, Where

e C = B if v is the circumcenter of a skinny tetrahedron,

e C = % if v is the midpoint of an encroached subsegment or the circumcenter of an encroached
subfacet, angh is rejected for insertion,

e C = —if v andp lie on incident segments separated by an angle,ar if v lies in the interior

2cos

of a facet incident to a segment containimgt an anglex, where45° < a < 90°,

e (' =sina if v andp are positioned as in the previous case, but witkl 45°, and

o = Si\r/‘; if v andp lie within facet regions that are incident at a segm#énif projs(p) lies withinS

(this case is included only to demonstrate why it should be avoided),

or v andp lie within incident facet regions that do not meet at a segnsefotr which projg (p) lies within S.
For this case (which should also be avoided), | offer no analysis.

If one thinks of a subsegment’s midpoint as its circumcenter, one can see this lemma as having a hi-
erarchical form: if the circumcenter of a simplex encroaches upon a lower-dimensional simplex, then the
circumcenter is rejected for insertion, and the circumcenter of the lower-dimensional simplex has an inser-
tion radius up toy/2 times smaller than that of the rejected circumcenter. If the circumcenter of a simplex
encroaches upon another simplex having equal or higher dimension, then the circumcenter of the latter has
an insertion radius that depends in part on the angle between the two simplices. | expect this framework to
generalize to higher dimensions, and will elaborate in Section 4.7.
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Proof of Lemma 27: If v is an input vertex, the circumcenter of a tetrahedron, or the midpoint of an
encroached subsegment, then it may be treated exactly as in Lemma 15. One case from that lemma is worth
briefly revisiting to show that nothing essential has changed.

If v is inserted at the midpoint of an encroached subsegmemtd its parenp = p(v) is a circumcenter
(of a tetrahedron or subfacet) that was considered for insertion but rejected because it encroackhes upon
thenp lies strictly inside the diametral sphere of Because the circumsphere/circumcircle centered at
contains no vertices, and in particular does not contain the endpoints-of> %; see Figure 4.18(a) for
an example where the relation is nearly equality. Note that the change from circles (in the two-dimensional
analysis) to spheres makes little difference. Perhaps the clearest way to see this is to observe that if one
takes a two-dimensional cross-section that passes threwgtu p, the cross-section is indistinguishable
from the two-dimensional case. (The same argument can be made for the case aitdrdie on incident
segments.)

Only the circumstance wheteis the circumcenter of an encroached subfgcegmains. Letf” be the
facet that containg. There are four cases to consider.

e If the parentp is an input vertex, or lies in a segment or facet region not incident to any facet region
containingw, then Ifgv) < ry.

e If pis atetrahedron circumcenter that was considered for insertion but rejected because it encroaches
upon f, thenp lies strictly inside the equatorial sphere fafBecause the tetrahedralization is Delau-
nay, the circumsphere centeredgatontains no vertices, so its radius is limited by the nearest vertex
of f. By assumptionf contains either its own circumcenter or prgj). In the former case’"—t is
minimized whery is at the pole off’s equatorial sphere, as illustrated in Figure 4.18(b). In the latter
case,* is minimized when praj(p) is the intersection of's longest edge and the bisector of its

second -longest edge, as illustrated in Figure 4.18(c). In eltheroc;ase,f

e If pwas inserted on a segment that is incidenk'tat one vertex:, separated by an angle @f> 45°
(Figure 4.18(d)), the shared vertexcannot lie inside the equatorial spherefabecause the facet
is Delaunay. (This is true even jf does not appear in the tetrahedralization.) Because the segment
and facet are separated by an angleragthe angleZpav is at leasiv. Becausef is encroached upon
by p, p lies inside its equatorial sphere. (ffis not present in the tetrahedralizatignmight lie on
its equatorial sphere in a degenerate case.) Analogously to the case of two incident segments (see
Lemma 15), if > 45°, then’ is minimized when the radius of the equatorial sphere, is- |vp|,
andp Iles on the sphere. (If the equatorial sphere were any smaller, it could not cpntaimerefore,
Ty > A a < 45°, then” is minimized when = proj;(p); thereforey, > r,sina.

2 cos

e If p andv lie within two facet regions that are incident at a segm&nthe analysis is less opti-
mistic than the previous case because there is no vertex that serves the functiorséinaes in
Figure 4.18(d). As Figure 4.19 shows, the equatorial sphere centereid abt constrained by the
segmentS (although it is constrained by the vertices $h

To find the minimum possible value éﬁ consider the point prgjp), which (by assumption) lies
on some subsegmestof the segmens. Letd be the distance from to projs(p). Because does
not encroach upos (otherwise, the algorithm would splitin preference tg), the smallest possible
value of £ is L.

Tp V2
In the absence of any constraints, = |vp| is minimized whery = proj(p), with the line segment
vp orthogonal toF'. With this choice ofv, the angleZp[projs(p)]v is precisely the dihedral angte
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(@) (b)

()

Figure 4.18:The relationship between the insertion radii of a child and its parent. (a) When a subsegment
is encroached upon by a circumcenter, the child’s insertion radius may be arbitrarily close to a factor of /2
smaller than its parent’'s. (b) When a subfacet that contains its own circumcenter is encroached upon by
the circumcenter of a skinny tetrahedron, the child’s insertion radius may be arbitrarily close to a factor of
v/2 smaller than its parent’s. (c) A bound better than /2 applies to a subfacet that does not contain its own
circumcenter, but does contain the projection of the encroaching vertex. (d) When a subfacet is encroached
upon by the midpoint of a subsegment, and the corresponding facet and segment are incident at one vertex,
the analysis differs little from the case of two incident segments.

separating the two facets. Hence, the minimum valu& aé sin . Combining this with the result
of the previous paragrapt% > % Note that, unlike the case where a segment meets a facet or
another segment, the worst case is not achievedmotinthe equatorial sphere gffor any angle less

than90°. ]

Lemma 27 provides the information one needs to ensure that Delaunay refinement will terminate. As
with the two dimensional algorithms, the key is to prevent any cycle wherein mesh vertices beget chains of
descendants with ever-smaller insertion radii (Figure 4.20).

Mesh vertices are divided into four classes: input vertices (which cannot contribute to cycles), vertices
inserted into segments, vertices inserted into facet interiors, and free vertices inserted at circumcenters of
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Figure 4.19:When two incident facet regions are separated by an angle less than 90°, and a subfacet of
one is encroached upon by a vertex in the interior of the other, the child’s insertion radius r, may be smaller
than its parent’s insertion radius r,. Hence, a 90° minimum separation is imposed.
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Figure 4.20:Dataflow diagram illustrating the worst-case relation between a vertex’s insertion radius and
the insertion radii of the children it begets. If no cycle has a product smaller than one, the three dimensional
Delaunay refinement algorithm will terminate.
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tetrahedra. As we have seen, free vertices can father facet vertices whose insertion radii are smaller by a
factor of/2, and these facet vertices in turn can father segment vertices whose insertion radii are smaller by
another factor of/2. Hence, to avoid spiralling into the abyss, it is important that segment vertices can only
father free vertices whose insertion radii are at least twice as large. This constraint fixes the best guaranteed
circumradius-to-shortest edge ratiofat= 2.

The need to prevent diminishing cycles also engenders the requirement that incident segments be sep-
arated by angles af0° or more, just as it did in the two-dimensional case. A segment incident to a facet
must be separated by an angle of at leastos ﬁ = 69.3° so that if a vertex on the segment encroaches

upon a subfacet of the facet, the child that results will have an insertion radius ayR@sger than that of
its parent. (Recall from Lemma 27 that >

2cosa )

Theorem 28 Let Ifs,,in, be the shortest distance between two nonincident entities (vertices, segments, or
facets) of the input PLC. Suppose that any two incident segments are separated by an angle of@t, least
any two incident facet regions satisfy the projection condition and any segment incident to a facet at one
vertex is separated from it by an angle of at leastcos f or satisfies the projection condition.

Suppose a tetrahedron is considered to be skinny if its circumradius-to-shortest edge ratio is larger than
B > 2. The three-dimensional Delaunay refinement algorithm described above will terminate, with no
tetrahedralization edge shorter thdfs,,,;,.

Proof: Suppose for the sake of contradiction that the algorithm introduces one or more edges shorter than
Ifsmin iNto the mesh. Let be the first such edge introduced. Clearly, the endpointsaannot both be

input vertices, nor can they lie on nonincident segments or facet regions.blesthe most recently inserted
endpoint ofe.

By assumption, no edge shorter thanlfsexisted before was inserted. Hence, for any ancesiaf
v, e > lfsmin. Letp = p(v) be the parent of, let g = p(p) be the grandparent of (if one exists), and let
h = p(g) be the great-grandparent ofif one exists). Because of the projection conditiorandp cannot
lie on incident facet regions. Consider the following cases.

e If v is the circumcenter of a skinny tetrahedron, then by Lemma 22, Br, > 2r,.

e If v is the midpoint of an encroached subsegment or the circumcenter of an encroached subfacet, and
p is the circumcenter of a skinny tetrahedron, then by Lemma,2?, frp rg > \/2r,.

e If v is the midpoint of an encroached subsegmens the circumcenter of an encroached subfacet,
andg is the circumcenter of a skinny tetrahedron, then by Lemma,2%, frp > lrg > grh > rp.

e If v andp lie on incident segments, then by Lemma 27 > QCOM Becauser > 60°, r, > 1.

e If v is the circumcenter of an encroached subfacetpdttds on a segment incident (at a single vertex)
to the facet containing, then by Lemma 27, > . Becausev > arccos f, Ty > \/irp

- 2cos

e If v is the midpoint of an encroached subsegmerisg, the (rejected) circumcenter of an encroached
subfacet, and; lies on a segment incident (at a single vertex) to the facet contajmirigen by

Lemma 27y, > %rp > mrg Becausex > arccos f’ Ty > Ty
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e If v is the midpoint of an encroached subsegment,ahds been inserted on a nonincident segment
or facet region, then by the definition of paremt,is the shortest edge introduced by the insertion of
v. Because andv lie on nonincident entitieg; andv are separated by a distance of at least;lfs
contradicting the assumption thahas length less than [fs,.

In the first six cases;, > r, for some ancestar of p in the mesh. It follows that, > Ifs.,;,, contradicting
the assumption thathas length less than |fg,. Because no edge shorter than,ksis ever introduced, the
algorithm must terminate. u

4.2.3 Proof of Good Grading

As with the two-dimensional algorithm, a stronger termination proof is possible, showing that all edges
in the final mesh are proportional in length to the local feature sizes of their endpoints, and thus ensuring
nicely graded meshes. The proof makes use of Lemma 17, which generalizes unchanged to three or more

dimensions. Recall that the lemma states that,if> Cr, for some vertexs with parentp, then their

Ifs-weighted vertex densities are related by the fornidja= fiS() <1+ %.

Tv

Lemma 29 Suppose the quality boun is strictly larger than2, and all angles between segments and
facets satisfy the conditions listed in Theorem 28, with all inequalities replaced by strict inequalities.

There exist fixed constanf3r > 1, Dr > 1, and Dg > 1 such that, for any vertex inserted (or
rejected) at the circumcenter of a skinny tetrahedrbr, < Dr; for any vertexv inserted (or rejected) at
the circumcenter of an encroached subfadet, < Dy; and for any vertex inserted at the midpoint of an
encroached subsegmei?, < Dg. Hence, the insertion radius of every vertex is proportional to its local
feature size.

Proof: Consider any non-input vertexwith parentp = p(v). If p is an input vertex, the®,, = fiS(p) <l

Tp
Otherwise, assume for the sake of induction that the lemma is trye Fbence,D, < max{Dy, Dy, Dg}.
First, suppose is inserted or considered for insertion at the circumcenter of a skinny tetrahedron. By

Lemma 277, > Br,. Therefore, by Lemma 17, < 1 4 22{Pr.Dr.Ds} 't follows that one can prove
thatD, < Dt if Dy is chosen so that

ma,x{DT, DF, DS}

Dr >1+ B

(4.1)

Second, supposeis inserted or considered for insertion at the circumcenter of a subfatigts parent
p is an input vertex or lies on a segment or facet region not incident to the facet region contaithieg
Ifs(v) < r,, and the theorem holds. #fis the circumcenter of a skinny tetrahedron (rejected for insertion

because it encroaches upgh r, > % by Lemma 27, so by Lemma 1D, < 1 + v2D7.

Alternatively, if p lies on a segment incident to the facet containfinghenr, > —2— by Lemma 27,

2cos

and thus by Lemma 17), < 1 + 2Dg cos «. It follows that one can prove thd?, < D if D is chosen
so that

Dr
Dp

14+V2Dr, and (4.2)
14 2Dg cos a. 4.3)
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Third, suppose is inserted at the midpoint of a subsegmentf its parentp is an input vertex or lies
on a segment or facet region not incident to the segment contaénithgn If§v) < r,, and the theorem
holds. Ifp is the circumcenter of a skinny tetrahedron or encroached subfacet (rejected for insertion because
it encroaches upos), r, > ‘2 by Lemma 27, so by Lemma 1D, < 1 + v2max {Dr, Dr}.

= V2
Alternatively, ifp andv lie on incident segments, thep > 5—2— by Lemma 27, and thus by Lemma 17,
D, <1+ 2Dg cos«. It follows that one can prove thd, < Dg if Dg is chosen so that
Dg > 1+ \/ﬁmax{DT, DF} and (44)
Ds > 142Dgcosa. (4.5)

If the quality boundB is strictly larger thar2, conditions 4.1, 4.2, and 4.4 are simultaneously satisfied
by choosing

B+1+v2 (1+v2)B+V2 3+ Vv2)B
Dp=—Fp5——, Dy = ; Dg = —F—7—.
B -2 B -2 B -2
If the smallest angle. g between any facet and any segment is strictly greaterathans ﬁ = 69.3°,
conditions 4.3 and 4.4 may be satisfied by choosing
14+ 2cosapg 1++2
F Dg

:1—2\/5(:08011:5’ :1—2\/5(:08011:5’

if these values exceed those specified above. In this case, ddjusipward if necessary according to
condition 4.1.

If the smallest angless between two segments is strictly greater tiah, condition 4.5 may be satis-

fied by choosing
1

~1—2cosagg’

if this value exceeds those specified above. In this case, adjusind D upward if necessary according
to conditions 4.1 and 4.2. ]

Ds

Note that asB approacheg, ags approaches0°, or arg approachesrccos —=, the values ofDr,

2v2’
Dy, andDg approach infinity.

Theorem 30 For any vertexy of the output mesh, the distance to its nearest neighbor is at%.

Proof: Inequality 4.4 indicates thaDg is larger thanD+ and Dx. The remainder of the proof is identical
to that of Theorem 19. [ |

To provide an example, suppoge = 2.5 and the input PLC has no acute angles. Tlign = 9.8,
Dr =14.9, andDg = 22.1. Hence, the spacing of vertices is at worst al@3utimes smaller than the local
feature size.

As Figure 4.21 shows, the algorithm performs much better in practice. The upper left mesh is the initial
tetrahedralization after all segments and facets are inserted and unwanted tetrahedra have been removed from
the holes. (Some subsegments remain encroached because during the segment and facet insertion stages,
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Initial tetrahedralization after segment and facet B =14, 0nin = 5.42°, Opax = 171.87°,

insertion. 54 vertices, 114 tetrahedra. hmin = 1.25, 110 vertices, 211 tetrahedra.
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B =1.2,0,n = 2.01°, 0ax = 175.89°, B=1.1, 0y, = 0.69°, 0. = 178.83°,
hmin = 0.5, 468 vertices, 1206 tetrahedra. hmin = 0.36, 1135 vertices, 3752 tetrahedra.

B =1.05, 0, = 1.01°, 0. = 178.21°, B =1.04, 0,,;, = 1.01°, 0. = 178.21°,
hmin = 0.24, 2997 vertices, 11717 tetrahedra. hmin = 0.13, 5884 vertices, 25575 tetrahedra.

Figure 4.21:Several meshes of a 10 x 10 x 10 PLC generated with different bounds (B) on quality. Below
each mesh is listed the smallest dihedral angle 6,,.;,, the largest dihedral angle 6,,,.., and the shortest edge
length h.,;,. The algorithm does not terminate on this PLC for a bound of B = 1.03.
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Figure 4.23:A counterexample demonstrating that the three-dimensional Delaunay refinement algorithm is
not size-optimal.

my implementation only splits an encroached subsegment if it is missing or it is part of the facet currently
being inserted.) After all encroached subsegments and subfacets have been split (upper right), the largest
circumradius-to-shortest edge ratio is already less thgrnwhich is much better than the proven bound of

2. The shortest edge length i25, and Ifs,;, = 1, so the spectre of edge lengt2® times smaller than

the local feature size has not materialized. As the quality bdBid@creases, the number of elements in the

final mesh increases gracefully unitldrops belowl.05. At B = 1.03, the algorithm fails to terminate.

Not surprisingly, the object depicted is slightly harder to tetrahedralize if the unwanted tetrahedra are
not removed from the holes before refining. Bt= 1.06, the algorithm fails to terminate.

Figure 4.22 offers a demonstration of the grading of a tetrahedralization generated by Delaunay refine-
ment. A cube has been truncated at one corner, cutting off a portion whose width is one-millionth that of
the cube. Although this mesh satisfies a quality boun® ef 1.2, good grading is very much in evidence.

Unfortunately, the proof of good grading does not yield a size-optimality proof as it did in the two-
dimensional case. Gary Miller and Dafna Talmor (private communication) have pointed out the coun-
terexample depicted in Figure 4.23. Inside this PLC, two segments pass very close to each other without
intersecting. The PLC might reasonably be tetrahedralized with a few dozen tetrahedra having bounded
circumradius-to-shortest edge ratios, if these tetrahedra include a sliver tetrahedron whose four vertices
are the endpoints of the two internal segments. However, the best my Delaunay refinement algorithm can
promise is to fill the region with tetrahedra whose edge lengths are proportional to the distance between the
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two segments. Because this distance may be arbitrarily small, the algorithm is not size-optimal.

4.3 Delaunay Refinement with Equatorial Lenses

In this section, | improve the Delaunay refinement algorithm by replacing equatorial spheres with equatorial
lenses, which are similar to the Chew-inspired diametral lenses introduced in Section 3.4. This modification
ensures that the algorithm terminates and produces well-graded meshes for any bound on circumradius-to-
shortest edge ratio greater th%\\% = 1.63, which is a significant improvement over the bound of two given

for Delaunay refinement with equatorial spheres.

4.3.1 Description of the Algorithm

My lens-based algorithm begins with the Delaunay tetrahedralization of a facet-bounded PLC, and performs
Delaunay refinement with locked subsegments and subfacets. A constrained Delaunay tetrahedralization
would be ideal if one could be generated, but this is not generally possible, so the algorithm attempts to
recover all missing segments first, and then all missing facets, locking each subsegment and subfacet as
soon as it appears.

Just as in the three-dimensional generalization of Ruppert’s algorithm, subsegments are protected by
diametral spheres. Missing subfacets are protected by equatorial spheres, but any subfacet that is present
in the tetrahedralization is protected only by an equatorial lens, illustrated in Figure 4.24. The equatorial
lens of a subfacef is the intersection of two balls whose centers lie on each other’s boundaries, and whose
boundaries intersect at the circumcirclefofIf r is the circumradius of, the defining balls have radius
2rf/\/§, and their centers lie on the line orthogonalftahrough its circumcenter, a distance n}f/\/ﬁ
from f. An equatorial lens is the revolution of a diametral lens about its shorter axis. Unlike in the two-
dimensional case, it does not seem to be possible to achieve a result analogous to Lemma 21 for a lens angle
smaller tharB0°, so | shall use a lens angle 8° throughout.

The subfacetf is considered for splitting if there is a vertex, or an attempt to insert a vertex, inside
or on the boundary of its equatorial lens, unless another subfacet obstructs the line of sight between the
encroaching vertex and the circumcentef ofThroughout this section, visibility is deemed to be obstructed
only by interposing subfacets, and only if they are present in the mesh, and thus locked.) As usual, if
the circumcenter off encroaches upon any subsegments, the encroached subsegments are split instead.
However, if f is split, all free vertices (but not input vertices or vertices that lie on segments or facets) that
lie in the interior of the equatorial sphere pfind are visible from the circumcenter pare deleted. Then,
a new vertex is inserted at the circumcenterfofs illustrated in Figure 4.25. The Delaunay property is
maintained throughout, except that locked subfacets are not flipped. Hence, the final mesh is not guaranteed
to be truly Delaunay, but is effectively constrained Delaunay.

As in two dimensions, the advantage of lenses is that when a vemath parentp is inserted at the
center of a lens, its insertion radius is bounded by the inequality r, cos 30° = @rp. As in the three-
dimensional generalization of Ruppert’s algorithm, the bound is only ensured if the algorithm refuses to split
any subfacet that contains neither its own circumcenter nor the orthogonal projection of the encroaching

vertex.

Here a new problem arises. Suppose a fatebntains a subfacgtwhose equatorial lens is encroached
upon by a vertey, but f contains neither its own circumcenter nor pr@}). Let g be the subfacet of that
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Side view. Top view.

Figure 4.24:The equatorial lens (shaded) of a triangular subfacet is the intersection of two identical balls
whose boundaries meet at the subfacet’s circumcircle. Each ball's center lies on the surface of the other
ball.

Figure 4.25:At left, the circumcenter of the bold tetrahedron encroaches upon the equatorial lens of the
bold subfacet. At right, all vertices in the subfacet’s equatorial sphere have been deleted, and a new vertex
has been inserted at the subfacet's circumcenter.
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contains proj.(p). One would like to have a guarantee, similar to the Projection Lemma, that the equatorial
lens ofg is encroached upon ky Unfortunately, there is no such guarantee.

Fortunately, the next section will show that the inequality> @rp holds if v is the circumcenter of
g, even ifg is not encroached. Hence, the rule governing subfacet encroachment remains unchanged: if an
encroached subfacet contains neither its own circumcenter nor the orthogonal projection of the encroaching
verteX, then the subfacet containing the orthogonal projection is split instead.

The guarantees offered by the Projection Lemma are just as useful for understanding Delaunay refine-
ment with equatorial lenses as they were with equatorial spheres. Sypposmaches upon the equatorial
lens of f. Because the equatorial lens pis contained in the equatorial sphere fofp encroaches upon
f’s equatorial sphere as well. Because the modified algorithm still uses diametral spheres to protect subseg-
ments, the Projection Lemma implies that eith@ncroaches upon a subsegment, or o] lies within F'.
In the former case, the encroached subsegment is split instgadahe latter case, the Projection Lemma
guarantees that some subfacefoontains proj(p). Furthermore, the Projection Lemma guarantees that
if one repeatedly splits the subfacet containing p(p), £ will eventually contain no subfacets whose equa-
torial spheres are encroached, and thus also guarantees thifiteventually contain no subfacets whose
equatorial lenses are encroached.

4.3.2 Proof of Termination and Good Grading

The three-dimensional Delaunay refinement algorithm with equatorial lenses, like Chew’s algorithm, re-
quires for its analysis that the insertion radiy®f the circumcentet of a skinny tetrahedronbe redefined

to be the radius afs circumsphere. A vertew may lie in¢’s circumsphere, but only if there is some locked
subfacetf separatingo from ¢. Eitherc lies on the same side gfast, and thus never interacts with, or

c lies on the same side gfasw, but is not inserted because it encroaches ufioBither way,c does not
participate in an edge shorter than Does the notion of separation become ambiguous near the boundaries

of a facet? No, because facets are segment-bounded, and all subsegments are protected by diametral spheres.

When a subfacef is encroached, but no subsegment is encroached, the algorithm may choose to split
the subfacey that contains prgj(p). The following lemma shows that this choice produces a new vertex
whose insertion radius is not much smaller than that of its parent.

Lemma 31 Let f be a subfacet of a facét. Letp be a tetrahedron circumcenter that encroaches upon the
equatorial lens off, and whose projectioproj(p) falls in some subfacet of £’ (whereg may or may not

be f). Suppose that all vertices in the equatorial spherg afe deleted (except those not visible from the
circumcenter ofy), and a vertex is inserted at the circumcenter ¢f Thenr, > @rp.

Proof. Because all vertices visible fromare deleted from the equatorial spheregpf-, is equal to the
radius of that equatorial sphere. (Vertices not visible frogannot affecty’s insertion radius, because an
edge cannot connect thematg

Without loss of generality, define a coordinate system oriented sdtlias in thez-y plane, proj(p)
has the samg-coordinate as the circumcenteof f (for instance, both might lie on the-axis), andp is
aboveF, as illustrated in Figure 4.26.

Let O be the lower of the two balls that define the equatorial leng. dfet C' be the center of), and let
R be the radius 0®). The line segment’c is aligned with thez-axis and has Iengtl§. The line segment
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(b) Side view. (c) Top view.

Figure 4.26:Three views of an encroached equatorial lens.

c[proj(p)] is aligned with thec-axis; letm be its length. The line segmepiiproj;(p)] is orthogonal taF,
and thus aligned with the-axis; leth (for “height”) be its length, as Figure 4.26(b) illustrates.

Draw a chord of the circumcircle of whose midpoint is prgj(p). As Figure 4.26(c) shows, the chord
is orthogonal to the line segmex|proj,(p)], and thus aligned with thg-axis. Let2d be the length of the
chord, so that prgj(p) bisects the chord into two line segments of length

The significance off is that it is a lower bound on,, wherew is the circumcenter of the subfacgt
Why? Recall thay contains proj(p). However, becausé’ is Delaunay, none of the vertices gfcan
lie inside the circumcircle of. The circumcircle ofy must be large enough that it can satisfy both these
constraints; the smallest possible such circumcircle is outlined in bold in Figure 4.26(c), and had.radius

As Figure 4.26(b) makes apparent, theoordinate ofp differs from that ofC' by m, and theirz-
coordinates differ by§ + h. Becausey encroaches upon the equatorial lensfop lies inside or on the
boundary of0. Hence, by Pythagoras’ Law,

2
m? + <§+h> < R%
Expanding gives
2
m? + (?) + Rh + h? < R?. (4.6)
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proj (p)

Figure 4.27:Because p lies in the diametral lens, its height above the plane cannot be more than % times
the circumradius of the triangle that contains proj,(p).

Each endpoint of the chord in Figure 4.26(c) lies on the bounda€y, sb by Pythagoras’ Law,

2 2 R 2 2
m? +d +(5> = R (4.7)

Subtracting Equation 4.7 from Inequality 4.6 gives
Rh + 1h* < d°.

As Figure 4.26(b) shows, it is always true thak %, because the equatorial lensfotioes not extend
further thang—‘z from the plane containing’. Recall that/ is a lower bound om,. Combining these bounds,

r2 > d? > Rh+ h? > 3%

Let w be the vertex of nearest prgj(p), as illustrated in Figure 4.27. Because pi@j) lies within g
and the circumradius of is r,, the lengthjw[proj;(p)]| is at mostr,. The vertexp is the circumcenter of
a constrained Delaunay tetrahedron; because the circumsphere of this tetrahedron contains noRertex of
rp can be no greater than the distange|. This distance can be computed by Pythagoras’ Law, because
w[projz(p)] is orthogonal te[projx(p)] (the former lies in¥’, whereas the latter is orthogonal &Y. Hence,

T [wlprojp(p)]I* + [p[projx(p)]|*

7’12,+h2

IN AN A
|
-

IN

Therefore, Tp

and the result follows. [ |

Lemma 31 is only applicable if all the vertices in the equatorial sphetetlo@t are visible fromv are
deleted. If some such vertexis not deleted, them is an input vertex or lies on a subsegment or subfacet.
The verticesu andv cannot lie on incident features, because of €88 minimum angle between input
entities and the projection condition between input facets. (The edge of a lens rises from the plane at an
angle of60°.) Hence, the local feature sizeats at mostjuv|, andr, > Ifs(v), as Lemma 27 indicates.
Choose the input vertex, segment vertex, or facet vertex closedbtbe the parent af.

Vertices are only deleted when a subfacet is split, and vertices are never deleted from subfacets. Theo-
rem 28 sets a lower bound on the length of each facet edge, so only a finite number of subfacet splits can
occur. After the last subfacet split, no more vertex deletions occur, so termination is ensured by Theorem 28.
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Theorem 32 Suppose the quality bouriglis strictly larger than%, and all angles between segments and
facets satisfy the conditions listed in Theorem 28, with all inequalities replaced by strict inequalities.

There exist fixed constanf3; > 1, Dr > 1, and Dg > 1 such that, for any vertex inserted (or
rejected) at the circumcenter of a skinny tetrahedrbr, < Dr; for any vertexv inserted (or rejected) at
the circumcenter of an encroached subfadef, < Dy; and for any vertex inserted at the midpoint of an
encroached subsegmem, < Dg.

Proof. Essentially the same as the proof of Lemma 29, except that Lemma 31 makes it possible to replace

Condition 4.2 with 0

V3

If the quality boundB is strictly larger thar?3—‘/§, Conditions 4.1, 4.4, and 4.8 are simultaneously satisfied
by choosing

D _ V3B+V3+6 . _ 2+V3)B 42 e (VB+V6+2V2)B
T BB-2v2 P BB—2y2 T BB -2v2

Dy, D, andDg must also satisfy the conditions specified in Lemma 29 regarding the angles between
segments and facets and between segmeniB. 3} 23ﬁ Qpg > arccos ﬁ andaggs > 60°, there are
values ofDr, Dr, andDg that satisfy the theorem. [ |

Dp > 1+ —=Dr (4.8)

To compare equatorial lenses with equatorial spheres, consider again tetrahedralizing a PLC with no
acute angles, applying a quality bound®f= 2.5. Using equatorial lensed)r = 5.7, Dr = 7.5, and
Dg = 11.7. Compare with the corresponding values, 14.9, and22.1 derived for equatorial spheres
at the end of Section 4.2.3. Hence, the worst-case vertex spacing for Delaunay refinement with equatorial
lenses is a factor of.8 better than with equatorial spheres. Because the number of tetrahedra is inversely
proportional to the cube of vertex spacing, equatorial lenses improve the worst-case cardinality of the mesh

by a factor of about six.

Equatorial lenses have another advantage. With some effort, it is possible to show that if the dihedral
angle separating two incident facet region$@§ or more, a vertex in one facet region cannot encroach
upon a subfacet of the other without encroaching upon a subsegment of the other. (Details are omitted.)
However, because equatorial spheres must be used for missing subfacets, this fact does not lead to as nice a
bound on edge lengths as one might hope. Given a PLC whose incident facets are separated 694t least
it is possible to show that Delaunay refinement will terminate if facets are recovered one at a time, but as
Lemma 27 indicates, each successively recovered facet may have smaller edges than the previously inserted
facet if it is encroached upon by vertices of the previous facet. The length of the shortest edge in the final
mesh may be exponentially small, where the exponent is proportional to the number of facets. Section 5.3.1
suggests a facet recovery method that might partly ameliorate this problem.

4.3.3 Diametral Lemons?

The success of diametral lenses in two dimensions, and equatorial lenses in three, naturally leads one to ask
whether it might be possible to further improve the quality bound by replacing diametral spheres with some
smaller structure. The obvious choice, depicted in Figure 4.28, is the revolution of a diametral lens about its
longer axis, yielding a pointed prolate spheroid | calliametral lemon
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Figure 4.28:The diametral lemon of a subsegment is the revolution of a diametral lens about the subseg-
ment.

Top view. Side view.

Figure 4.29:An example demonstrating that diametral lemons don’t seem to improve the quality bound. In
this illustration, the diametral lemon of s is contained in the equatorial lens of f.

Alas, diametral lemons are lemons indeed, because they do not seem to improve the worst-case ratio
of /2 between the insertion radii of a facet vertex and a subsegment vertex it spawns. An example that
demonstrates this failure is illustrated in Figure 4.29. A subféiceeets another subfacgtt a subsegment
s. The circumcenter of coincides with the midpoint of. The equatorial lens of extends beyond the
diametral lemon o§, and oddly,f can be encroached upon by a vertex that lies outside the facet containing
f, but does not encroach upen

Suppose that the subfaggeis encroached upon by the circumcenter of some skinny tetrahedrop'sand
circumcentep is considered for insertion. #f encroaches upofi, f is considered for splitting. However,
the circumcenter of encroaches uposy sos is split at its midpointw. But neitherp nor the apex off lie
in the diametral lemon of, or particularly close t@; in the worst case, the insertion radiuswomight be
v/2 smaller than that of either or the apex off.

Could we simply insenb, decline to split, and leave the equatorial lensjoéncroached? Unfortunately,
f andp might together form a skinny tetrahedron, which must be removed, and splittiray be the best
way to accomplish the removal. There is no guarantee that the circumcenter of this tetrahedrorf isrnear
s, and the usual analysis techniques do not seem to apply.

Diametral lemons have another fundamental problem. One purpose of any protective region, be it a
sphere, alens, or alemon, is to handle the case where a skinny tetrahedron cannot be eliminated by inserting
a vertex at its circumcenter, because a locked subsegment or subfacet prevents the tetrahedron from being
eliminated. It is this requirement that dictates 8i€ angle that defines the shape of an equatorial lens.

Consider Figure 4.30. At left, there appears a tetrahetlmimose vertices lie on the illustrated sphere,
which is the circumsphere af Though none of the vertices eéflies in or on the diametral lemon of the
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Figure 4.30:A diametral lemon fails to ensure that a locked subsegment will not stand between a tetrahe-
dron and its circumcenter, whereas a diametral sphere succeeds.

subsegmentd, several edges dfpass through the lemon, above the segmeitthe circumcentet of ¢ lies
outside the lemon as well, below the segmerif a vertex is inserted at, ¢ will not be eliminated because
s is locked and stands betweennd its circumcenter.

At right, the lemon has been replaced with a diametral sphere. An equator has been drawn on the
diametral sphere, oriented so that it will appear circular when viewed from the circumeet@picted. If
the diametral sphere afis empty, the vertices that lie on any empty circumsphere centeredasinot lie
above this equator. Hence, any Delaunay tetrahedron whose circumcentiesi®elow the subsegment,
and the subsegment will not prevent the tetrahedron from being eliminated if a vertex is insertddhat
diametral sphere appears to be the smallest protecting shape that can make this guarantee.

4.4 Improvements

The improvements to two-dimensional Delaunay refinement described in Section 3.5 apply in three dimen-
sions as well. They are briefly revisited here.

4.4.1 Improving the Quality Bound in the Interior of the Mesh

Any of the following three strategies may be used to improve the quality of most of the tetrahedra of the
mesh without jeopardizing the termination guarantee.

e Use a quality bound oB = 1 for tetrahedra that are not in contact with facet or segment interiors,
a quality bound ofB = /2 (for equatorial spheres) dB = % (for equatorial lenses) for any
tetrahedron that is not in contact with a segment interior but has a vertex that lies in the interior of
a facet, and a quality bound & = 2 (for equatorial spheres) d8 = % (for equatorial lenses)
for any tetrahedron having a vertex that lies in the interior of a segment. The flow diagram for this
strategy (with equatorial lenses) appears as Figure 4.31.
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Figure 4.31:Dataflow diagram for three-dimensional Delaunay refinement with equatorial lenses and im-
proved quality away from the boundaries.

e Attempt to insert the circumcenter of any tetrahedron whose circumradius-to-shortest edge ratio is
larger than one. If any subsegments would be encroached, the circumcenter is rejected as usual, but the
encroached subsegments are split only if the triangle’s circumradius-to-shortest edge ratio is greater
than+/2. If any subfacets would be encroached, they are split only if the triangle’s circumradius-to-

shortest edge ratio is greater tha(for equatorial spheres) @% (for equatorial lenses).

e Attempt to insert the circumcenter of any tetrahedron whose circumradius-to-shortest edge ratio is
larger than one. If any subsegments or subfacets would be encroached, the circumcenter is rejected
as usual. Each encroached subsegment is checked to determine the insertion radius of the new vertex
that might be inserted at its midpoint. Each encroached subfacet is checked to determine whether
its circumcenter would encroach upon any subsegments, and if so, what the insertion radius of the
new vertices at their midpoints would be. If a subfacet’'s circumcenter does not encroach upon any
subsegments, the insertion radius of the subfacet’s circumcenter is determined. The only midpoints
and circumcenters inserted are those whose insertion radii are at least as large as the length of the
shortest edge of the skinny tetrahedron.

As in the two-dimensional case, the second and third strategies tend to result in a denser spacing of
vertices in the interior of the mesh than the first strategy. Also as in the two-dimensional case, good grading
is maintained if the quality boun®; in the interior of the mesh is greater than one. Then Equation 4.1 is
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accompanied by the equation
By

Dr >
T_Bl_la

which is familiar from Section 3.5.1.

Unlike in the two-dimensional case, this improvement is not rendered unnecessary by range-restricted
segment splitting (discussed below). The two improvements combined offer even better bounds in the
interior of the mesh. It is possible to apply a quality bound3of= 1 to tetrahedra that are not in contact
with facet or segment interiors, and a quality bound3of= /2 (for equatorial spheres) d8 = % (for
equatorial lenses) to all tetrahedra.

4.4.2 Range-Restricted Segment Splitting

As in two dimensions, the quality bound of tetrahedra may be improved by range-restricted segment split-
ting, at the cost of sacrificing good grading in theory, if not in practice. Termination is proven below for a
bound of B = /2 (if equatorial spheres are used)Br= % (if equatorial lenses are used). Furthermore,

the constraint on the angle separating a segment from a facet may be relaxéd fidmo 60°.

In three dimensions, the illegal range must have a geometric widtf2ofhether one uses equatorial
spheres or equatorial lenses, because diametral spheres are always used. Hence, subsegments are restricted
to the legal range2”, wherec € (1,v/2] andz is an integer. Segments of illegal length are split unevenly
as described in Section 3.5.2.

To prove that the procedure terminates, | require a slightly different definitiamseftion radius floor
than | used for the two-dimensional proof.ulfs an input vertex or lies on a subsegment or subfacet, then its
insertion radius floor,, is still defined to be the largest power of two strictly less than its insertion ragius
However, ifv is a free vertex inserted or rejected for insertion at the circumcenter of a skinny tetrahedron,
thenr! is defined to be the largest power of two strictly less tl%n(for equatorial spheres) Géru (for
equatorial lenses). This change in the definition accounts for the case where a tetrahedron circumcenter
encroaches upon a subfacet, and unavoidably engenders a child with smaller insertion radius.

Lemma 33 Letlfs,;, be the shortest distance between two nonincident entities (vertices, segments, or facet
regions) of the input PLC. Suppose that any two incident segments are separated by an angle o8@it, least
any two incident facet regions satisfy the projection condition, and any segment incident to a facet at one
vertex is separated from it by an angle of at leé@t or satisfies the projection condition.

Suppose that a triangle is considered to be skinny if its circumradius-to-shortest edge ratio is larger
than B > /2 if equatorial spheres are used, &t > % if equatorial lenses are used. Lebe a vertex of
the mesh, and let = p(v) be its parent, if one exists. Then eithér> Ifs,;, /6, or rl, > r;,.

Proof: If v is an input vertex, or it lies on a segment or facet and its pargig an input vertex or lies on a
nonincident segment or facet region, thep,lfs< Ifs(v) < r, < 2/, and the theorem holds.

If v is inserted at the circumcenter of a skinny tetrahedron, then by Lemma 2587, > Br,,. Recall
that v/, is the largest power of two strictly less ths\% (for equatorial spheres) o‘érv (for equatorial
lenses). BecausB is chosen to cancel out the coefficient that biaged follows thatr;, > r),.

If v is inserted at the circumcenter of an encroached subfgdbe case wherg is an input vertex or

lies on a nonincident feature has been considered above; eaithot lie on an incident facet, so there are
two cases left.
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e If p lies on an incident segment separated from the facet contafhimgan anglex, where60° <
a < 90°, then by Lemma 27;, > % > rp,. Thereforey; > r;,.

a =

e If p is the circumcenter of a skinny tetrahedron, rejected for insertion because it encroachgs upon
then by Lemma 27;, > % if equatorial spheres are used, or by Lemmar31> @rp if equatorial

lenses are used. It follows that > 7/, because the coefficient that biases the insertion radius floor
of p is so chosen.

If v is inserted at the midpoint of an encroached subsegment, then the analysis presented in Lemma 23
for the two-dimensional case applies without change. ]

Theorem 34 Suppose that the conditions on the quality bound and the angles between input entities spec-
ified in Lemma 33 hold. The Delaunay refinement algorithms described in this chapter, augmented with
range-restricted segment splitting, will terminate with no tetrahedralization edge shorteffshag/6.

Proof: By Lemma 33, the insertion radius flody of every vertex is either greater than or equal to/fs /6,

or greater than or equal to the insertion radius floor of some preexisting vertex. Because a vertex’s insertion
radius floor is a lower bound on its insertion radius, no edge smaller than ffsis ever introduced into

the mesh, and the algorithm must terminate. [ |

The bound can be improved to [fg /4 in the same manner described following Theorem 24. | rec-
ommend both of the practical modifications to range-restricted segment splitting described in Section 3.5.2:
use the closed legal ranie v/2], and use a splitting procedure that occasionally takes two splits to get rid
of an illegal subsegment.

4.5 Comparison with the Delaunay Meshing Algorithm of Miller, Talmor,
Teng, Walkington, and Wang

The general-dimensional mesh generation algorithm of Miller, Talmor, Teng, Walkington, and Wang [67]
bears many similarities to the present research, and as | shall demonstrate, achieves theoretical bounds
similar to those proven in Section 4.2.3 for Delaunay refinement with equatorial spheres. The Miller et al.
algorithm differs from ordinary Delaunay refinement in that it begins by deciding what vertex spacing is
needed to meet a desired bound on circumradius-to-shortest edge ratio, and then generates a set of vertices
to match.

The algorithm relies upon a spacing functiffv) defined over the domain to be meshed. Imagine that
each vertex of the mesh is the center of a ball of radifi&). No two balls are allowed to overlap. This
rule implies that any edgew has length at least(v) + f(w). Hence, the spacing function sets a lower
bound on the distance between vertices throughout the mesh.

To achieve good bounds on the circumradius-to-shortest edge ratios of the tetrahedra of the mesh, Miller
et al. form amaximal sphere-packingvhich is a set of vertices having the property that no additional
vertex may be added without creating overlapping balls. Maximality ensures that tetrahedra with large
circumradii cannot exist; recall that Chew’s first Delaunay refinement algorithm uses maximality (with a
constant spacing function) to eliminate triangles having angles smalleBtRaihe sphere-packing is also
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subject to the restriction that vertices may not lie insidepidective spheref a subsegment or subfacet,
much like the diametral and equatorial spheres of Delaunay refinement. True maximality is troublesome
to achieve, and Miller et al. suggest relaxed forms of maximality that do not compromise the tetrahedron
quality bounds; for instancejrcumcenter-maximalityin which no vertex may be inserted at a tetrahedron
circumcenter without creating overlapping balls, is sufficient.

The advantage of generating a mesh from a spacing function is that the complete vertex set can be
generated prior to and independently from the tetrahedralization, much like the earliest Delaunay meshing
algorithms in the engineering literature. As a result, it is relatively easy to parallelize the Miller et al.
algorithm, whereas Delaunay refinement algorithms are difficult to parallelize because of synchronization
concerns when multiple processors are simultaneously changing the topology of the mesh. Miller et al.
create a maximal sphere-packing on each segment, then on each facet, and finally in the interior of the mesh.
Each segment may be packed independently, and once the segments are finished, so may each facet. Finally,
three-dimensional regions are packed. Even within a single region or facet, maximal sphere-packing is easier
to parallelize than Delaunay refinement. After sphere packing is complete, the vertices are tetrahedralized,
perhaps with a standard parallel convex hull algorithm.

The key innovation of the algorithm over earlier algorithms that generate a complete vertex set before
triangulation is the use of the local feature size to determine vertex spacing. Provable bounds on tetrahedron
quality may be obtained by choosing the spacing funciién) = glfs(v) for a sufficiently small value
of 5. The function If§-) may be computed with the help of octrees. Miller et al. show that, for this
spacing function, the three-dimensional version of their algorithm achieves circumradius-to-shortest edge

ratios bounded below 5

T 1-(T+2/2)8

To compare this bound with the results of Section 4.2.3, | must revise Theorem 19 so that the minimum
length of an edge is expressed in terms of both of the edge’s endpoints.

Theorem 35 For the Delaunay refinement algorithms discussed in this chapter, anywedgd the final

mesh has length at lea (;’,)j“glisl(w).

Proof: Lemma 29 and Theorem 32 show (each for a different value gfthat =~ [tS(w) < Dg for any vertex

v. Assume without loss of generality thatwas added after, and thus the dlstance between the two vertices
is at least,, > Ifs( ). 1t follows that

Ifs(w) + Ifs(w)

> >
low| > 1y > 5Ds

By Lemma 14, If$w) + |vw| > Ifs(v), so

Ifs(w) + Ifs(v) — |vw]
> .
foul 2 2D

IfS(v)+IfS(w)

2Dg+1 u

It follows that |vw| >

Based on the value dPg calculated in Lemma 29, Delaunay refinement with equatorial spheres ensures
that edge lengths are bounded by the inequality

B—2
(7T+2v2)B —

jow] >

; 1s(0) + Ifs(w)].
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In a mesh produced by the algorithm of Miller et al., no edgeis shorter thary (v) + f(w). If f(p) =
Olfs(p), edge lengths are bounded by the inequality

B-2
low| >

~ (T+2V2)B

It is not surprising that these bounds are quite similar, as the algorithms are based upon similar ideas,
and are ultimately subject to the same imperatives of mathematical law. | do not know to what difference
between the algorithms one should attribute the slightly better bound for Delaunay refinement, nor whether
it marks a real difference between the algorithms or is an artifact of the different methods of analysis.
However, there is no doubt about the source of the additional improvement one obtains by using equatorial
lenses instead of equatorial spheres. Taking the valu® fofrom Theorem 32, Delaunay refinement with
equatorial lenses produces a tetrahedralization whose edge lengths are bounded by the inequality

V3B —2V2
(3V3+2v6 +4v2)B —2V2

[Ifs(v) + Ifs(w)].

[Ifs(v) + Ifs(w)].

lvw| >

Edge lengths in the Miller et al. algorithm and in Delaunay refinement with equatorial spheres decrease
to zero as the quality bound approaches two, whereas as | have already discussed, Delaunay refinement
with equatorial lenses produces well-graded meshes for quality bounds as 1068 a$f range-restricted
segment splitting is used, the quality bound may be further reducedipalthough | can no longer prove
that the final mesh is not uniform.

The real difference between the algorithms, however, is one not exposed by mathematics. Delaunay
refinement idazy, in the sense that it inserts a vertex only if a skinny simplex is present. The Miller et al.
algorithm is not lazy at all; it is blind to the mesh that would be formed by the vertices it creates. However, by
creating a maximal sphere-packing it inserts enough vertices to ensure that skinny simplices simply cannot
survive.

How much does maximality cost? Figure 4.32, reprinted from Ruppert’s original paper, gives us some
idea. The figure charts the progress of the smallest angle in a triangular mesh during a typical run of
Ruppert’s algorithm. (During this run, no specific angle bound was applied; rather, the algorithm repeatedly
splits the worst triangle in the mesh, even if it is nicely shaped.) The analysis presented in Section 3.3.4
implies that eventually, the curve should never drop be?ow°. It is not clear how long the algorithm
would have to run before reaching this hallowed state, but it is clear that the algorithm arrives at a mesh
satisfying &0°, or even3(°, angle bound long before. A maximal sphere-packing algorithm guaranteed to
obtain a20° angle bound produces a mesh at the high end of the curve, where the curve cannot dip below
20° again. Hence, it generates many more elements than a lazy algorithm.

For a more direct example, return to Figure 4.21 in Section 4.2.3. In theory, to obtain a quality bound
of B = 2.5, one might have to tolerate edge lengths more than twenty times smaller than the local feature
size; in practice, the number appears to be closer to two. Laziness appear to buy you a thousand-fold smaller
mesh.

Is it possible to simultaneously obtain the benefits of Delaunay refinement and the parallelizability of
Miller et al.?

The benefits of equatorial lenses can perhaps be realized in the Miller et al. algorithm. It seems straight-
forward to form a sphere-packing in which subfacets are protected with lenses, rather than spheres. The
sticking point is tetrahedralizing the vertices of the sphere/lens packing. Lenses do not guarantee a Delau-
nay mesh, and the improved bounds that accompany them are a direct benefit of relaxing the requirement
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Figure 4.32:Progress of the minimum angle of a triangulation during a run of Ruppert's algorithm. (Courtesy
Jim Ruppert.)

that meshes be Delaunay. As Section 2.1.3 demonstrates, a general algorithm for constructing constrained
Delaunay tetrahedralizations is not going to appear. Does a maximal sphere/lens packing have special
properties that guarantee that a constrained Delaunay tetrahedralization can be formed? If so, is there an
algorithm for generating such tetrahedralizations? | will not pursue the question here.

It also seems straightforward to use restricted subsegment lengths when generating a sphere-packing
of a segment, but the only obvious way to reap the improved bounds proven in Section 4.4.2 is to put all
the subsegments of the mesh into the same range, so that the shortest and longest subsegments of the mesh
differ in length by a factor no greater thaf2. While Delaunay refinement with range-restricted segment
splitting might obtain the same unfortunate result in the worst case, it rarely happens in practice because of
the algorithm’s laziness.

And what of laziness? For a mesh generation algorithm to insert vertices lazily, it must be able to exam-
ine the quality of the simplices of the current mesh. Unfortunately, this implies maintaining a triangulation,
which would seem to rule out the easy parallelization that Miller et al. offer. One hopes for, but does not
expect to see, an elegant resolution to this dilemma. A suggestion is to use the Miller et al. algorithm to
generate an initial mesh with coarser vertex spacing than the theory suggests, then refine it to remove the
few poor quality elements that appear. Even if the latter step is sequential, it may be short enough that most
of the speed benefits of parallelization are realized.

4.6 Sliver Removal by Delaunay Refinement

Although | have proven no theoretical guarantees about Delaunay refinement’s ability to remove sliver tetra-
hedra, it is nonetheless natural to wonder whether Delaunay refinement might be effective in practice. If one
inserts a vertex at the circumcenter of each sliver tetrahedron, will the algorithm fail to terminate?

As Figure 4.33 demonstrates, Delaunay refinement can succeed for useful dihedral angle bounds. Each
of the meshes illustrated was generated by applying a circumradius-to-shortest edge ratiébandd
dihedral angle bouné,,;,. Not surprisingly, as the boun& was strengthened, the boufg;, had to be
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B =1.1, 0nin = 14°, Omax = 158.9°, B =1.06, Omin = 11°, Omax = 163.6°,
hmin = 0.125, 4539 vertices, 19048 tetrahedra. hmin = 0.119, 6514 vertices, 28543 tetrahedra.

Figure 4.33: Meshes created by Delaunay refinement using equatorial spheres and bounds on both
circumradius-to-shortest edge ratio B and smallest dihedral angle 6,,i,. Also listed for each mesh is its
largest dihedral angle 6,,., and its shortest edge length h,;,. The best lower bound on dihedral angles
obtained for this PLC is 23.2°. Compare with Figure 4.21 on Page 105.

weakened, or the algorithm did not terminate. For each mesh illustrated, raising the dhgurity one

degree causes the algorithm to fail to halt. It is not necessary to use a circumradius-to-shortest edge ratio
bound at all. However, even if dihedral angles are the sole criterion for judging tetrahedron quaity, | have
good reason to believe that smaller meshes are achieved if poor tetrahedra are ordered so that those with the
largest circumradius-to-shortest edge ratios are split earliest. See Section 5.3.3 for further discussion.

Chew [22] offers hints as to why good results are obtained. A sliver can always be eliminated by splitting
it, but how can one avoid creating new slivers in the process? Chew observes that a newly inserted vertex can
only take part in a sliver if it is positioned badly relative to a triangular face already in the mesh. Figure 4.34
illustrates the set of bad positions. At left, a side view of the plane containing a face of the tetrahedralization
is drawn. A tetrahedron formed by the face and a new vertex can have a small dihedral angle only if the new
vertex lies within the slab depicted; this slab is the set of all points within a certain distance from the plane.
Late in the Delaunay refinement process, such a tetrahedron can only arise if its circumradius-to-shortest
edge ratio is small, which implies that it must lie in the region colored black in Figure 4.34 (left). This
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Figure 4.34:Left: A side view of the plane containing a triangular face. In conjunction with this face, a newly
inserted vertex can form a sliver with both a small dihedral angle and a small circumradius-to-shortest edge
ratio only if it is inserted in the disallowed region (black). Right: An oblique view of the disallowed region of
a triangular face.

disallowed regiondepicted at right, is shaped like a ring with an hourglass cross-section.

Chew shows that if the slab associated with each face is sufficiently thin, a randomized Delaunay re-
finement algorithm can avoid ever placing a vertex in the disallowed region of any face. The key idea is
that each new vertex is not inserted precisely at a circumcenter; rather, a candidate vertex is generated at a
randomly chosen location in the inner half of the circumsphere’s radius. If the candidate vertex lies in some
face’s disallowed region, the candidate is rejected and a new one generated in its stead.

The algorithm will eventually generate a successful candidate, because the number of nearby triangular
faces is bounded, and the volume of each disallowed region is small. If the sum of the volumes of the
disallowed regions is less than the volume of the region in which candidate vertices are generated, a good
candidate will eventually be found. To ensure that this condition is met, the slabs are made very thin.

Chew derives an explicit bound on the worst-case tetrahedron aspect ratio, which is too small to serve
as a practical guarantee. However, there is undoubtedly a great deal of slack in the derivation. Even if the
slabs are made thick enough to offer a useful bound on the minimum dihedral angle, the small volume of the
disallowed region suggests that the practical prospects are good. My non-randomized Delaunay refinement
algorithm seems to verify this intuition. | have not yet tested whether randomization is helpful in practice.
Although randomization may reduce the frequency with which slivers are generated, the act of inserting
vertices off-center in circumspheres weakens the bound on circumradius-to-shortest edge ratio.

Unfortunately, my practical success in removing slivers is probably due in part to the severe restrictions
on input angle | have imposed upon Delaunay refinement. Practitioners report that they have the most diffi-
culty removing slivers at the boundary of a mesh, especially near small angles. Figure 2.35 on Page 38 offers
a demonstration of this observation. Mesh improvement techniques such as optimization-based smoothing
and topological transformations, discussed in Section 2.2.4, can likely remove some of the imperfections
that cannot be removed directly by Delaunay refinement.
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4.7 Generalization to Higher Dimensions

| do not intend to carry out a full analysis of higher-dimensional Delaunay refinement algorithms here.
However, | suspect that there are no further barriers to fully generalizing the method.

The most important result to generalize is the Projection Lemma (Lemma 26), which | have every reason
to believe holds true for higher dimensional facets. The Projection Lemma is critical because it specifies a
condition under which incident constrained polytopes can be guaranteed not to encroach upon each other.
Specifically, if the lower-dimensional boundary polytopes of a constrained facet are not encroached, then
the subfacets of that facet can only be encroached upon by vertices in the facet’s orthogonal projection.

Additionally, the Projection Lemma makes it possible to choose an encroached simplex to split so that
the insertion radius of the newly inserted vertex is no worse thanimes smaller than that of its parent,
regardless of the dimensionality of the simplices under consideration for splitting. Herkdinrensions
one expects to achieve a quality bouRd> \/Ed_1 with good grading by using the straightforward gen-
eralization of Ruppert's algorithm, arfd = \/§d72 (without a guarantee of good grading) with the use of
range-restricted segment splitting. | am also optimistic that lenses, rather than spheres, can be used to protect
subfacets of dimensioth — 1, although spheres must be used to protect lower-dimensional subfacets. If so,

one may achieve a quality bourdgi > ‘[72: with a guarantee of good grading, and (fb> 3) B = ‘/5\;;
without.

If one believes that the Projection Lemma generalizes to higher dimensions, then Lemma 27, Theo-
rem 28, Lemma 29, and Theorem 30 seem to generalize in straightforward ways. The most complicated
pieces of Lemma 27 are those dealing with acute angles between simplices. Without some additional al-
gorithmic insight, acute angles probably cannot be tolerated between simplices of dimension higher than
one. An acute angle between a segmérgifnplex) and another simplex of dimensibmmay be permitted

for any k, but the angle must be larger thairtcos ﬁ If range-restricted segment splitting is used, this

angle may be relaxed taccos ﬁ for k > 2.

Of course, this discussion begs the question of whether anyone would want such an algorithm. A four-
dimensional mesh generator might find use in space-time finite element methods, where time is represented
as a fourth spatial dimension. This might be an ideal application for Delaunay refinement methods, be-
cause for some problems, no additional small angles will ensue from consideration of the time dimension.
Commonly, the region to be meshed is nothing more complicated than an unchanging three-dimensional
object extruded orthogonally in the time dimension. In this case, the reason to create a four-dimensional
mesh is so that one may adjust the density of nodes through time in order to track time-dependent multiscale
phenomena, such as turbulent fluid flow.

4.8 Conclusions

Delaunay refinement is an effective technique for three-dimensional mesh generation. Its theoretical guaran-
tees on element quality and mesh grading make it attractive. Taken at face value, however, these guarantees
are not wholly satisfying. There is no guarantee that slivers can be eliminated. Although the cénstant
derived in Section 4.3.2 gives us confidence that edge sizes cannot become smaller than one twelfth the
local feature size when applying a quality bound®t= 2.5, this bound may seem insufficiently strong for
practical purposes, especially when one recalls that the number of elements is inversely proportional to the
cube of the edge length.
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Fortunately, Delaunay refinement falls into the class of algorithms that usually outperform their worst-
case bounds. The proof techniques used to analyze Delaunay refinement fail to take into account a great deal
of “slack” in the mesh; the relationship between the insertion radii of a parent and its child is usually looser
than in the worst case. This slack accumulates as one traces a sequence of descendants from an input vertex.
One can apply a tighter bound on circumradius-to-shortest edge ratio than the theory suggests is possible,
or even apply bounds on dihedral angles, and still produce a small, nicely graded mesh.

Despite this pleasant gap between theory and practice, the theory is helpful for suggesting innovations
that are likely to bear fruit in practice, such as equatorial lenses.

The main outstanding problem in three-dimensional Delaunay refinement is the question of how to
handle small input angles. Is there a method as effective as the Quitter, presented in Section 3.7? Modified
segment splitting using concentric spherical shells is probably as good an idea in three dimensions as in
two, but it only begins to address the possible problems. What about facets separated by small angles? How
can their vertices be kept from encroaching upon each other’s subfacets? One suggestion is to modify the
method of subfacet splitting. If two subfacets meet at a subsegment, separated by a small angle, and one of
the subfacets is encroached, perhaps it should be split in such a way that an equilateral triangle is formed
at the subsegment. In this manner, subfacets separated by small angles are prevented from engaging in a
diminishing spiral of mutual encroachment, just as subsegments are prevented from doing so by modified
segment splitting. This idea holds promise, but falls short of a complete solution to the problem of small
angles.

In two dimensions, there is a sure-fire solution: never insert a vertex whose insertion radius is smaller
than the insertion radius of its most recently inserted ancestor. An impediment to using this strategy in
three dimensions, besides the awful elements it produces, is that boundary recovery may fail if a missing
subsegment or subfacet is not split because of this rule. This problem is surmounted in two dimensions by
the constrained Delaunay triangulation, but this option is not available in three. Section 5.3.1 suggests a way
to garner some of the advantages of constrained triangulation, but offers no guarantees.

Nevertheless, if segments and facets are inserted in sequence, and the subsegments and subfacets of each
are locked as soon as they are recovered, then they will all be recovered eventually. As | mentioned at the
end of Section 4.3.2, the length of the shortest edge in the final mesh may be exponentially small, where
the exponent is proportional to the number of facets. After the boundaries have been completely recovered,
the sure-fire solution can be applied. Hence, it is always possible to ensure that three-dimensional Delaunay
refinement terminates, although the elements might be poor in quality and much smaller than desired.



Chapter 5

Implementation

Triangleis a C program for two-dimensional mesh generation and construction of Delaunay triangulations,
constrained Delaunay triangulations, and Voronoi diagrdPysamidis a C program for three-dimensional

mesh generation and Delaunay tetrahedralization. These programs are implementations of the Delaunay
refinement algorithms discussed in the previous chapters. Triangle and Pyramid are fast, memory-efficient,
and robust. Triangle computes Delaunay triangulations and constrained Delaunay triangulations exactly;
Pyramid computes Delaunay tetrahedralizations exactly.

Features of both programs include user-specified constraints on element quality and size, user-specified
holes and concavities, the ability to refine preexisting triangulations, and the economical use of exact arith-
metic to improve robustness. This chapter discusses many of the key implementation decisions, including
the choice of triangulation algorithms and data structures, the steps taken to create and refine a mesh, and
other issues. The use of exact arithmetic to ensure the correctness of Delaunay triangulations and tetrahe-
dralizations, and to improve the robustness of both mesh generators, is discussed at length in Chapter 6.

Many of the implementation decisions in a complex program like a mesh generator depend upon how
one wishes to trade off speed and memory use. Triangle and Pyramid are designed to support large scientific
computing projects, in which the sizes of the meshes that can be produced are limited by the available
memory, and not by the amount of time the program can run. Therefore, many of the decisions described in
this chapter are motivated by the desire to make space efficiency a priority, without unduly sacrificing speed.

125



126 Jonathan Richard Shewchuk

Delaunay triangulation timings (seconds)
Number of points 10,000 100,000 1,000,000
Point distribution | Uniform | Boundary | Tilted Uniform | Boundary | Tilted Uniform | Boundary | Tilted

Algorithm Random | of Circle Grid Random | of Circle Grid Random | of Circle Grid
Div&Congq, alternating cuts

robust 0.33 0.57 0.72 4.5 5.3 55 58 61 58

non-robust 0.30 0.27 0.27 4.0 4.0 35 53 56 44
Div&Congq, vertical cuts

robust 0.47 1.06 0.96 6.2 9.0 7.6 79 98 85

non-robust 0.36 0.17 | failed 5.0 21 4.2 64 26 | failed
Sweepline

non-robust 0.78 0.62 0.71 10.8 8.6 10.5 147 119 139
Incremental

robust 1.15 3.88 2.79 24.0 112.7 | 101.3 545 1523 | 2138

non-robust 0.99 2.74 | failed 21.3 94.3 | failed 486 1327 | failed

Table 5.1:Timings for triangulation on a DEC 3000/700 with a 225 MHz Alpha processor, not including I/O.
Robust and non-robust versions of the Delaunay algorithms were used to triangulate points chosen from
one of three different distributions: uniformly distributed random points in a square, random approximately
cocircular points, and a tilted square grid.

5.1 Triangulation Algorithms

5.1.1 Comparison of Three Delaunay Triangulation Algorithms

A mesh generator rests on the efficiency of its triangulation algorithms and data structures, so | discuss these
first.

There are many Delaunay triangulation algorithms, some of which are surveyed and evaluated by For-
tune [33] and Su and Drysdale [91, 90]. Their results indicate a rough parity in speed, to within a factor of
two, among the incremental insertion algorithm of Lawson [59], the divide-and-conquer algorithm of Lee
and Schachter [60], and the plane-sweep algorithm of Fortune [31]; however, the implementations they study
were written by different people. | believe that Triangle is the first instance in which all three algorithms have
been implemented with the same data structures and floating-point tests, by one person who gave roughly
equal attention to optimizing each. (Some details of how these implementations were optimized appear in
Section 5.1.2.)

Table 5.1 compares the algorithms, including versions that use exact arithmetic (see Chapter 6) to
achieve robustness, and versions that use approximate arithmetic and are hence faster but may fail or produce
incorrect output. (The robust and non-robust versions are otherwise identical.) As Su and Drysdale [91] also
found, the divide-and-conquer algorithm is fastest, with the sweepline algorithm second. The incremental
algorithm performs poorly, spending most of its time in point location. (Su and Drysdale produced a better
incremental insertion implementation by using bucketing to perform point location, but it still ranks third.
Triangle does not use bucketing because it is easily defeated, as discussed in Section 5.1.2.) The agreement
between my results and those of Su and Drysdale lends support to their ranking of algorithms.

An important optimization to the divide-and-conquer algorithm, adapted from Dwyer [30], is to partition
the vertices with alternating horizontal and vertical cuts (Lee and Schachter’s algorithm uses only vertical
cuts). Alternating cuts speed the algorithm and, when exact arithmetic is disabled, reduce its likelihood of
failure. One million points can be triangulated correctly in a minute on a fast workstation.

All three triangulation algorithms are implemented so as to eliminate duplicate input points; if not elimi-
nated, duplicates can cause catastrophic failures. The sweepline algorithm can easily detect duplicate points
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as they are removed from the event queue (by comparing each with the previous point removed from the
gueue), and the incremental insertion algorithm can detect a duplicate point after point location. My im-
plementation of the divide-and-conquer algorithm begins by sorting the points by:thewrdinates, after

which duplicates can be detected and removed. This sorting step is a necessary part of the divide-and-
conquer algorithm with vertical cuts, but not of the variant with alternating cuts (which must perform a
sequence of median-finding operations, alternately bpdy-coordinates). Hence, the timings in Table 5.1

for divide-and-conquer triangulation with alternating cuts could be improved slightly if one could guarantee
that no duplicate input points would occur; the initial sorting step would be unnecessary.

5.1.2 Technical Implementation Notes

This section presents technical details of my Delaunay triangulation implementations that are important for
anyone who wishes to evaluate the usefulness of my evaluations, or to modify the code.

The sweepline and incremental Delaunay triangulation implementations compared by Su and Drys-
dale [91] each use some variant of uniform bucketing to locate points. Bucketing yields fastimplementations
on uniform point sets, but is easily defeated; a small, dense cluster of points in a large, sparsely populated
region may all fall into a single bucket. | have not used bucketing in Triangle, preferring algorithms that
exhibit good performance with any distribution of input points. As a result, Triangle may be slower than
necessary when triangulating uniformly distributed point sets, but will not exhibit asymptotically slower
running times on difficult inputs.

Fortune’s sweepline algorithm uses two nontrivial data structures in addition to the triangulation: a
priority queue to store events, and a balanced tree data structure to store the sequence of edges on the
boundary of the mesh. Fortune’s own implementation, available from Netlib, uses bucketing to perform
both these functions; hence, &in logn) running time is not guaranteed, and Su and Drysdale [91] found
that the original implementation exhibit¥(n?/2) performance on uniform random point sets. By modifying
Fortune’s code to use a heap to store events, they obtéltetbg n) running time on uniformly distributed
point sets, and better performance for point sets having more than about 50,000 points. However, they found
that bucketing outperforms a heap on smaller point sets.

Triangle’s implementation uses a heap as well, and also uses a splay tree [88] to store mesh boundary
edges, so that af(n log n) running time is attained, regardless of the distribution of points. Not all bound-
ary edges are stored in the splay tree; when a new edge is created, it is inserted into the tree with probability
0.1. (The value0.1 was chosen empirically to minimize the triangulation time for uniform random point
sets.) At any time, the splay tree contains a random sample of roughly one tenth of the boundary edges.
When the sweepline sweeps past an input point, the point must be located relative to the boundary edges;
this point location involves a search in the splay tree, followed by a search on the boundary of the trian-
gulation itself. By keeping the splay tree small, this scheme improves the speed and memory use of point
location without changing the asymptotic performance. This is an example of how randomization can be
used to reduce the constants, rather than the asymptotic behavior, associated with a geometric algorithm.

A splay tree adjusts itself so that frequently accessed items are near the top of the tree. Hence, a point
set organized so that many new vertices appear at roughly the same location on the boundary of the mesh
is likely to be triangulated quickly. This effect partly explains why Triangle’s sweepline implementation
triangulates points on the boundary of a circle more quickly than the other point sets, even though there are
many more boundary edges in the cocircular point set and the splay tree grows to be much larger (containing
O(n) boundary edges instead 6f(,/n)). For this reason, | believe that splay trees are better suited to
sweepline Delaunay triangulation than other balanced tree algorithms, such as red-black trees.
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Triangle’s incremental insertion algorithm for Delaunay triangulation uses the point location method
proposed by Mcke, Saias, and Zhu [72]. Thgimmp-and-walkmethod chooses a random sample of
O(n1/3) vertices from the mesh (whereis the number of nodesurrentlyin the mesh), determines which
of these vertices is closest to the query point, and walks through the mesh from the chosen vertex toward the
query point until the triangle containing that point is foundudké et al. show that the resulting incremental
algorithm takes expecte@(n*/?) time on uniform random point sets. Table 5.1 appears to confirm this
analysis. Triangle uses a sample sizédbn'/3; the coefficient was chosen empirically to minimize the
triangulation time for uniform random point sets. Triangle also checks the previously inserted point, because
in many practical point sets, any two consecutive points have a high likelihood of being near each other.

| have not implemented th@(n log n) point location scheme suggested by Guibas, Knuth, and Sharir
[46], although it promises to outperform the method afidié et al. Even with asymptotically better point
location, the incremental insertion algorithm seems unlikely to surpass the performance of the divide-and-
conquer algorithm.

5.2 Data Structures

5.2.1 Data Structures for Triangulation in Two Dimensions

Should one choose a data structure that uses a record to represent each edge, or one that uses a record to rep-
resent each triangle? Triangle was originally written using Guibas and Stpléid-edgelata structure [47]

(without theFlip operator), then rewritten using a triangle-based data structure. The quad-edge data struc-
ture is popular because it is elegant, because it simultaneously represents a graph and its geometric dual
(such as a Delaunay triangulation and the corresponding Voronoi diagram), and because Guibas and Stolfi
give detailed pseudocode for implementing the divide-and-conquer and incremental Delaunay algorithms
using quad-edges.

Despite the fundamental differences between the data structures, the quad-edge-based and triangle-based
implementations of Triangle are both faithful to the Delaunay triangulation algorithms presented by Guibas
and Stolfi [47] (1 did not implement a quad-edge sweepline algorithm), and hence offer a fair comparison of
the data structures. Perhaps the most useful observation of this chapter for practitioners is that the divide-
and-conquer algorithm, the incremental algorithm, and Ruppert’'s Delaunay refinement algorithm were all
sped by a factor of two by the triangular data structure. (However, it is worth noting that the code devoted
specifically to triangulation is roughly twice as long for the triangular data structure.) A difference so
pronounced demands explanation.

First, consider the different storage demands of each data structure, illustrated in Figure 5.1. Each quad-
edge record contains four pointers to neighboring quad-edges, and two pointers to vertices (the endpoints
of the edge). Each triangle record contains three pointers to neighboring triangles, and three pointers to
vertices. Hence, both structures contain six pointers. A triangulation contains roughly three edges for every
two triangles. Hence, the triangular data structure is more space-efficient.

It is difficult to ascertain why the triangular data structure is superior in time as well as space, but one
can make educated inferences. When a program makes structural changes to a triangulation, the amount of
time used depends in part on the number of pointers that have to be read and written. This amount is smaller
for the triangular data structure; more of the connectivity information is implicit in each triangle. Cacheing
is improved by the fact that fewer structures are accessed. (For large triangulations, any two adjoining
gquad-edges or triangles are unlikely to lie in the same cache line.)
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Figure 5.1:A triangulation (top) and its corresponding representations with quad-edge (left) and triangular
(right) data structures. Each quad-edge and each triangle contains six pointers.

Both the quad-edge and triangle data structures must store not only pointers to their neighbors, but also
the orientationsof their neighbors, to make clear how they are connected. For instance, each pointer from
a triangle to a neighboring triangle has an associated orientation (a humber between zero and two) that
indicates which edge of the neighboring triangle is contacted. An important space optimization is to store
the orientation of each quad-edge or triangle in the bottom two bits of the corresponding pointer. Thus, each
record must be aligned on a four-byte boundary. This space optimization is probably a speed optimization
as well, as memory traffic in modern machines is becoming more and more expensive compared to bit
operations.

Because the triangle-based divide-and-conquer algorithm proved to be fastest, it is worth exploring in
some depth. At first glance, the algorithm and data structure seem incompatible. The divide-and-conquer
algorithm recursively halves the input vertices until they are partitioned into subsets of two or three vertices
each. Each subset is easily triangulated (yielding an edge, two collinear edges, or a triangle), and the
triangulations are merged together to form larger ones. But how does one represent an edge or a sequence
of collinear edges with a triangular data structure? If one uses a degenerate triangle to represent an isolated
edge, the resulting code is clumsy because of the need to handle special cases. One might partition the input
into subsets of three to five vertices, but this does not help if the points in a subset are collinear.

To preserve the elegance of Guibas and Stolfi's presentation of the divide-and-conquer algorithm, each
triangulation is surrounded with a layer of “ghost” triangles, one triangle per convex hull edge. The ghost
triangles are connected to each other in a ring about a “vertex at infinity” (really just a null pointer). A single
edge is represented by two ghost triangles, as illustrated in Figure 5.2.

Ghost triangles are useful for efficiently traversing the convex hull edges during the merge step. Some
are transformed into real triangles during this step; two triangulations are sewn together by fitting their
ghost triangles together like the teeth of two gears. (Some edge flips are also needed. See Figure 5.3.) Each
merge step creates only two new triangles; one at the bottom and one at the top of the seam. After all the
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Figure 5.2: How the triangle-based divide-and-conquer algorithm represents an isolated edge (left) and
an isolated triangle (right). Dashed lines represent ghost triangles. White vertices all represent the same
“vertex at infinity”; only black vertices have coordinates.

Figure 5.3: Halfway through a merge step of the divide-and-conquer algorithm. Dashed lines represent
ghost triangles and triangles displaced by edge flips. The dotted triangle at bottom center is a newly created
ghost triangle. Shaded triangles are not Delaunay and will be displaced by edge flips.

merge steps are done, the ghost triangles are removed and the triangulation is passed on to the next stage of
meshing.

Ghost triangles are especially useful for reducing the amount of special-case code. For example, consider
performing an edge flip between two triangles that lie at the boundary of the mesh. The two triangles must
be detached from their neighbors, rotated a quarter turn, and reattached. One of the tasks performed during
reattachment is adjusting the pointers of each of the four neighboring triangles. Without ghost triangles,
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some of the neighbors might be null pointers, and conditional code is required to check each. With ghost
triangles, the conditionals are not required. Although this may seem like a trivial concern, the number of
similar cases in which ghost triangles simplified the implementation of Triangle was large enough to make
it worthy of note.

Precisely the same data structure, ghost triangles and all, is used in the sweepline implementation to
represent the growing triangulation. Ghost triangles are handy for representing the dangling edges that
appear on the advancing front of the triangulation, and for navigating along the front during point location.
Details are omitted.

5.2.2 Data Structures for Mesh Generation in Two Dimensions

Augmentations to the quad-edge and triangle data structures are necessary to support the constrained trian-
gulations needed for mesh generation. As Section 3.3 mentioned, Delaunay refinement can be implemented
with or without locked edges. As a practical matter, though, subsegments need to be flagged so that en-
croached subsegments can be quickly detected. Hence, there is nothing to lose by locking subsegments, and
a speed improvement will result, because unnecessary edge flips are not performed.

Other augmentations are needed too. Additional information may be associated with each subsegment,
vertex, and element of the mesh. Commonly, subsegments and vertices must carry markers to identify
which segments they lie upon, so that the correct boundary conditions may be applied to them in a finite
element simulation or other numerical PDE solver. If a smoothing algorithm is implemented, it will need
to know which subsegments are connected together into a single segment, so that vertices may be moved
along the length of the segment. If curved segments are supported, information about the curvature of a
subsegment is needed whenever that subsegment is split. (At the time of this writing, Triangle supports
markers for boundary conditions and stores subsegment connectivity. Smoothing and curved surfaces are
not implemented.)

Each triangle of the mesh may need to carry associated attributes such as its maximum permissible
triangle area or physical constants needed for a finite element simulation. Vertices might also have physical
constants associated with them. It is also useful for a mesh generator to be able to tag each element to
identify the region of the mesh in which the element falls. Triangle, for instance, allows the user to specify
segment-bounded regions of the mesh whose elements should be tagged with specified numerical markers.

While each element of the mesh may have associated attributes, the only edges that generally have any
special information associated with them are subsegments. Hence, it is easier to augment the triangular data
structure to include subsegment attributes, using a separate data structure that represents a subsegment, than
to augment the quad-edge data structure to include element attributes.

I modify the triangular data structure to meet the requirements described above by augmenting each
triangle with three extra pointers (one for each edge), which are usually null but may point to a subsegment
data structure (Figure 5.4). In large meshes where the number of triangles is determined primarily by
area constraints and not by the input geometry, only a minority of edges are subsegments, so the memory
occupied by subsegments is small. However, the memory occupied by triangles is increased by one-half.
In the special case where information is associated with subsegments but not with elements, the additional
three pointers in each triangle eliminate the space advantage of the triangular data structure relative to quad-
edges, but not its speed advantage. Triangle uses the longer nine-pointer record only if subsegments are
present; six-pointer triangles are used for unconstrained Delaunay triangulation.

In large meshes, most of the pointers from triangles to subsegments are null, so each triangle record
can be reduced to seven pointers by using just a single subsegment pointer. In a triangle that contacts no
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Figure 5.4: Shaded boxes represent subsegments, which may be linked together into segments. Each
triangle has three additional pointers that reference adjoining subsegments.

subsegment, this pointer is null. In a triangle that contacts one or more subsegments, this pointer points to
a separate record containing three pointers to subsegments. The number of these special records is small,
so they increase the space requirements only modestly. | have not implemented this space optimization in
Triangle.

A more aggressive optimization would be to use the original six-pointer triangles, but each of a triangle’s
three pointers to neighbors can point to either a triangle or a subsegment. A one-bit tag (possibly hidden in
the lower bits of each pointer) would distinguish between the two. This space optimization would increase
the amount of conditional code executed; it is not clear how bad its effect on running time would be.

To save space and time, Triangle and Pyramid do not maintain pointers from mesh vertices to any other
structure. Variables in each program often denote a vertex not by pointing directly to the vertex, but rather
by pointing to an element that contains the vertex. Hence, mesh structures connected to the vertex may be
identified.

5.2.3 Data Structures for Three Dimensions

There are at least three choices of data structure to represent a tetrahedralization. One could use a record to
represent each tetrahedron, a record to represent each face, or a record to represent each pairing of a face and
an edge (hence, three records per triangular face). The last structure, proposed by Dobkin and Laszlo [29],
is the most general, and can be used to represent arbitrary spatial subdivisions. However, a tetrahedralizer
does not need this generality, and memory considerations easily rule out all but the first option.

Consider, for instance, the minimum memory requirements for a tetrahedron-based Delaunay tetrahe-
dralizer, and for a face-based tetrahedralizer. In the former case, illustrated in Figure 5.5(a), the record that
represents a tetrahedron must have eight pointers: four for its vertices, and four for the adjoining tetrahe-
dra. In the latter case, illustrated in Figure 5.5(b), the record that represents a triangular face must have six
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Figure 5.5:(a) Tetrahedron-based data structure. (b) Face-based data structure. (c) A doubly linked list of
faces about an edge.

pointers, and ideally has nine: three for its vertices, and three or six that point to adjacent triangular faces.
The choice of three or six depends on whether one wishes to have a singly-linked or doubly-linked list of
faces about each edge of the tetrahedralization; the latter is illustrated in Figure 5.5(c). A singly-linked list
of faces is slower to traverse, and more cumbersome to program.

There are roughly two faces stored for each tetrahedron, because each tetrahedron has four faces, and
each face (except on exterior boundaries) is shared by two tetrahedra. Hence, the cost of a face-based data
structure is twelve or eighteen pointers per tetrahedron, which markedly exceeds the memory requirements
of the tetrahedron-based data structure.

For mesh generation, as opposed to Delaunay tetrahedralization, the data structures must be able to
represent constrained subfacets and subsegments, and be able to associate attributes with subfacets, subseg-
ments, elements, and vertices. As in the two-dimensional case, such attributes might be associated with each
element of the mesh, but the only edges and faces that generally carry such information are subsegments and
subfacets. Hence, the tetrahedron-based data structure is more utilitarian that the face-based data structure.
The tetrahedral data structure almost certainly results in a faster implementation, if the two-dimensional De-
launay implementations are any indication. | have not attempted implementing tetrahedralization algorithms
with any other data structure.

The remainder of this section is devoted to a discussion of how the tetrahedron-based data structure is
modified in Pyramid to accommodate subfacets and subsegments. Just as the triangular data structure uses
three additional pointers to attach subsegments, the tetrahedral data structure uses four additional pointers
to attach subfacets. As in the two-dimensional case, if the mesh is large, the data structures that represent
subfacets and subsegments occupy only a small portion of memory, and the four pointers from a tetrahe-
dron to adjoining subfacets can be reduced to one, or even zero. Hence, a tetrahedral record consists of
eight pointers if only Delaunay tetrahedralization is performed, or eight, nine, or twelve pointers for mesh
generation. (Pyramid currently uses twelve pointers in the latter case.)

The data structure that represents a subfacet contains three pointers to its vertices, three pointers to
adjoining subfacets, and two pointers to adjoining tetrahedra. The three pointers to adjoining subfacets are
used only to indicate coplanar neighbors in a common facet. These pointers are important to the Delaunay
refinement algorithm, because they indicate that the shared edge can be flipped to satisfy the Delaunay
criterion when a vertex is inserted in the facet. Figure 5.6 illustrates two subfacets, connected at a flippable
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Figure 5.6:The records representing subfacets (shaded) have pointers to adjoining tetrahedra, subfacets,
and vertices. Subfacets are directly linked to each other only if they are part of the same facet, and the
edge they share is flippable.
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Figure 5.7:(a) Tetrahedra and subsegments are only connected via subfacets. (b) Each subsegment has
a full complement of wings which are subfacets that anchor it to adjoining tetrahedra.

edge and sandwiched between tetrahedra, that together form a quadrilateral facet. Figure 4.10 in Chapter 4
illustrates a circumstance in which such edge flips occur.

Each subfacet also has three pointers to adjoining subsegments. To save space, there are no pointers
directly connecting tetrahedra and adjoining subsegments; connections between tetrahedra and subsegments
are entirely mediated through subfacets, as illustrated in Figure 5.7(a). Because a subsegment may be shared
by any number of subfacets and tetrahedra, each subsegment has a pointer to only one adjoining subfacet
(chosen arbitrarily); the others must be found through the connectivity of the mesh. To ensure that every
subsegment incident to a tetrahedron may be found, each subsegment has a full complemngstwhich
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Figure 5.8:Subsegments are represented by degenerate subfacets. A chain of linked subsegments form
a segment. Open circles represent null vertices. The pointers directed upward in the illustration point to
adjoining subfacets, which may or may not be solid. Different subsegments of this segment may even point
to subfacets of different facets.

are subfacets that link a subsegment to its adjoining tetrahedra, as illustrated in Figure 5.7(b). Some or all
of these subfacets may bensolid subfacetsvhich are not “real” subfacets, but are present solely for the
purpose of connecting tetrahedra to subsegments. oty subfacetswhich lie within facets, are locked in

place. The faces occupied by nonsolid subfacets are eligible for flipping according to the Delaunay criterion.

It has proven to be quite convenient to represent subsegments with the same data structure used for
subfacets, in a manner illustrated in Figure 5.8. A subfacet record used to represent a subsegment has one
null vertex opposite its “real” edge. A subsegment is similar to a ghost triangle: it is connected at its “real”
edge to an adjoining triangular subfacet, and it is linked to neighboring subsegments (of the same segment)
at its “fake” edges. The decision to represent subsegments with the same data structure used for subfacets
has eliminated the need for much special-case code that Pyramid would otherwise incorporate.

5.3 Implementing Delaunay Refinement Algorithms

This section describes Delaunay refinement as it is implemented in Triangle and Pyramid. Figures 5.9
through 5.13 illustrate the process of meshing a PSLG that represents an electric guitar.

The first stage of both Triangle and Pyramid is to find the Delaunay triangulation or tetrahedralization
of the input vertices, as in Figure 5.10. In general, some of the input segments and facets are missing
from the triangulation; the second stage is to recover them. Figure 5.11 illustrates the constrained Delaunay
triangulation of the input PSLG.

The third stage of the algorithm, which diverges from Ruppert [82], is to remove triangles or tetrahedra
from concavities and holes (Figure 5.12). The fourth stage of the algorithm is to apply a Delaunay refinement
algorithm to the mesh, as described in Chapters 3 and 4. Figure 5.13 illustrates a final mesh having no angles
smaller thar20°.

The last three stages are described in the following sections.

5.3.1 Segment and Facet Recovery

Although the theoretical treatment of encroached subsegments and subfacets is no different for those that
are missing and those that are present in the mesh, they are treated very differently in practice. Whereas
missing segments and facets require the maintenance of a separate triangulation of each segment and facet
(which is almost trivial for segments), subsegments and subfacets that are present in the mesh do not, and
their encroachment can be detected much more easily. Furthermore, missing subsegments and subfacets can
sometimes be recovered without inserting a new vertex. For reasons to be stated shortly, this solution is
often preferable.
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Figure 5.9:Electric guitar PSLG.

Figure 5.10:Delaunay triangulation of vertices of PSLG. The triangulation does not conform to all of the
input segments.

Figure 5.11:Constrained Delaunay triangulation of PSLG.

: i

Figure 5.12:Triangles are removed from concavities and holes.

Figure 5.13:Conforming Delaunay triangulation with 20° minimum angle.
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Triangle can force the mesh to conform to the input segments in one of two ways, selectable by the user.
The first was described in Section 3.3; any segment that fails to appear in the mesh is recursively divided by
inserting vertices along its length, using Lawson’s incremental insertion algorithm to maintain the Delaunay
property, until the entire segment is represented as a union of edges of the mesh. Subsegments are locked
as they appear. Input segments that are not missing from the initial triangulation must also be identified and
locked.

The second choice is to simply use a constrained Delaunay triangulation, as Figure 5.11 demonstrates.
Each segment is inserted by deleting the triangles it overlaps, and the region on each side of the segment is
Delaunay triangulated anew (recall Figure 2.16 on Page 21). No new vertices are inserted. Triangle uses the
constrained Delaunay triangulation by default.

Incremental insertion of segments is not an optimal method of constructing a constrained Delaunay tri-
angulation; I could have chosen the optind&in logn) divide-and-conquer method of Chew [18] instead.
However, practical inputs are usually composed mainly of short, easily inserted segments. Although Chew’s
algorithm is optimal, it carries a larger constant overhead than purely Delaunay divide-and-conquer trian-
gulation, and would likely be slower on most practical inputs. | have not implemented Chew’s constrained
Delaunay triangulation algorithm, and hence cannot test this notion, but | doubt the effort would be worth
the ends.

Although the definition of “PSLG” normally disallows segment intersections (except at segment end-
points), Triangle can detect segment intersections and insert vertices appropriately. When Triangle is finding
and deleting the triangles that overlap a missing segment, it detects any subsegments that cross the missing
segment, and splits each such subsegment by inserting a new vertex at the intersection point. Triangle also
notices if a missing segment passes through an existing vertex, and recursively inserts the two subsegments
yielded by splitting the segment at the intersecting vertex. However, if a segment passes very close to an
existing vertex, but does not meet it precisely (as determined by the exact predicates described in Chapter 6),
a very small feature is formed; hence, users should be wary of placing vertices in segment interiors in the
hopes that Triangle will deem them collinear. Instead, input segments should be split into smaller input
segments at the vertices they are intended to intersect.

Pyramid, unfortunately, does not have the choice of forming a constrained Delaunay tetrahedralization,
because constrained Delaunay tetrahedralizations do not always exist. However, subsegments and subfacets
can sometimes be introduced into the mesh not by vertex insertion, but by the use of appropriate edge flips.
For instance, a 2-3 flip might be used to restore a missing subsegment, and a 3-2 flip might be used to
restore a missing subfacet. More generally, a missing subsegment or subfacet might be restored by a clever
sequence of flips. However, recall from Chapter 2 that a tetrahedralization that conforms to the missing
subsegments and subfacets does not necessarily exist, and the NP-hardness result of Ruppert and Seidel [83]
suggests that it might not be feasible to determine whether such a tetrahedralization exists. Hence, one must
rely on heuristics when attempting to recover subsegments and subfacets without inserting new vertices.
One must resort to inserting a new vertex, in the manner described in Section 4.2, if the heuristics fail.

One might ask, why go to such trouble to avoid inserting new vertices when recovering missing subseg-
ments and subfacets? After all, if a subsegment or subfacet is missing, there must be a vertex in its protecting
sphere (except in rare degenerate cases), and the subsegment or subfacet will be split anyway. There are two
answers. First, when a subsegment (in two dimensions) or subfacet (in three) has been recovered, its protect-
ing diametral circle or equatorial sphere can be replaced with a diametral lens or equatorial lens, possibly
averting a vertex insertion. Second, overrefinement due to small external features, as described in the next
section, may be reduced or averted.
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5.3.2 Concavities and Holes

In both Triangle and Pyramid, users may create holes in their meshes by spehifjéngointswhere an
“element-eating virus” is planted and spread by depth-first search until its advance is halted by segments (in
two dimensions) or facets (in three). This simple mechanism saves both the user and the implementation
from a common outlook of solid modeling wherein one must define oriented curves whose insides are
clearly distinguishable from their outsides. Exterior boundaries (which separate a triangulated region from
an untriangulated region, and include boundaries of holes) and interior boundaries (which separate two
triangulated regions) are treated in a unified manner.

If the region being meshed is not convex, concavities are recognized from unlocked edges (in two di-
mensions) or faces (in three dimensions) on the boundary of the mesh, and the same element-eating virus is
used to hollow them out (recall Figure 5.12). The user may select an option that causes the convex hull of
the input to be automatically protected with subsegments or subfacets. If this option is chosen, the user is
relieved of the responsibility of providing a segment-bounded or facet-bounded input. Concavities can still
be created by specifying appropriate hole points just inside the convex hull, but segments or facets must be
used to demarcate the internal boundary of the concavity.

Triangle and Pyramid remove extraneous elements from holes and concavities before the refinement
stage. This presents no problem for the refinement algorithms. The main concern is that general point
location is difficult in a nonconvex triangulation. Fortunately, the most general form of point location is
not needed for Delaunay refinement. Point location is used only to find the circumcenter of an element,
which may be accomplished by walking from the centroid of the element toward the circumcenter. If the
path is blocked by a subsegment or subfacet, the culprit is marked as encroached, and the search may be
abandoned. (Recall that this is precisely how Chew’s second Delaunay refinement algorithm [21] decides to
split a segment.) Because the mesh is segment-bounded (in two dimensions) or facet-bounded (in three), the
search must either succeed or be foiled by an encroached entity. Moreover, in two dimensions, if diametral
circles (rather than lenses) are used, Lemma 13 guarantees that any circumcenter considered for insertion
falls inside the mesh, although roundoff error might perturb it to just outside the mesh. The analogous result
can be proven in three dimensions.

An advantage of removing elements before refinement is that computation is not wasted refining ele-
ments that will eventually be deleted. A more important advantage is illustrated in Figure 5.14. If extraneous
elements remain during the refinement stage, overrefinement can occur if very small features outside the ob-
ject being meshed cause the creation of small elements inside the mesh. Ruppert [82] suggests solving this
problem by using the constrained Delaunay triangulation and ignoring interactions that take place outside
the region being triangulated. Early removal of triangles provides a nearly effortless way to accomplish this
effect. Subsegments and subfacets that would normally be considered encroached are ignored (Figure 5.14,
right), because encroached subsegments are diagnosed by noticing that they occur opposite an obtuse angle
in a triangle. (See the next section for details.)

This advantage can be cast into a formal framework by redefining the notion of local feature size. Let
thegeodesic distancketween two points be the length of the shortest path between them that does not pass
through an untriangulated region of the plane. In other words, any geodesic path must go around holes and
concavities. Given a PSL& and a poinp in the triangulated region of , define the local feature size (fg
to be the smallest value such that there exist two pairgiedv that lie on nonincident vertices or segments
of X, and each ofs andv is within a geodesic distance of {f§ from p. This is essentially the same
as the definition of local feature size given in Section 3.3.2, except that Euclidean distances are replaced
with geodesic distances. All of the proofs in Chapter 3 can be made to work with geodesic distances,
because Lemma 14 depends only upon the triangle inequality, which holds for geodesic distances as well as
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Figure 5.14:Two variations of Ruppert's Delaunay refinement algorithm with a 20° minimum angle. Left:
Mesh created using segment recovery by recursive splitting and late removal of triangles. This illustration
shows exterior triangles, just prior to their removal, to show why overrefinement occurs. Right: Mesh created
using the constrained Delaunay triangulation and early removal of triangles.

Euclidean distances, and because a child and its parent are never separated by an untriangulated region of
the plane. This change can yield improved bounds on edge lengths in some regions of the mesh, because
small exterior features are no longer taken into account in the definition of local feature size.

These observations about geodesic distance can also be applied to surface meshing, wherein one meshes
two-dimensional planar surfaces embedded in three dimensions. These surfaces may meet at shared seg-
ments, so that small feature sizes in one surface may propagate into another. Again, the geodesic distance
between two points is the length of the shortest path between them that does not pass through an untriangu-
lated region. Hence, the path is restricted to lie in the input surfaces. Two-dimensional Delaunay refinement
algorithms may be applied in this context with virtually no change.

The problem of overrefinement due to small external features is not solved for tetrahedral meshing,
however. Constrained Delaunay tetrahedralizations are not an option, and the vertex insertion method for
recovering segments and facets can overrefine. However, if missing subsegments and subfacets are given
priority over other encroached subsegments and subfacets; if they are recovered with as few vertex insertions
as possible (using heuristic methods based on flips, as described in the previous section); and if holes are
emptied immediately after all missing subsegments and subfacets are recovered, much or all of the potential
overrefinement can be avoided. However, | can offer no guarantee.

Another source of spurious small features is the convex hull of the input, which appears as the boundary
edges or faces of the initial triangulation. To give a two-dimensional example, if an input vertex lies just
inside the convex hull, and the nearest convex hull edge is treated as a subsegment, then the local feature size
near the vertex may be artificially reduced to an arbitrarily small length. In three dimensions, this problem
may be caused not only by vertices just inside the convex hull, but also by segments that pass near convex
hull edges. These may arise, for instance, when the input is a pre-triangulated surface mesh with exterior
dihedral angles that are slightly less thig®°, just short of convexity. When the input is tetrahedralized,
sliver tetrahedra may fill these crevices.

Hence, it is important that convex hull edges and faces are not treated as subsegments and subfacets,
except for those edges and faces specifically identified by the user as such. However, if the mesh is not
segment-bounded or facet-bounded, it is not clear how to treat exterior skinny triangles or tetrahedra whose
circumcenters fall outside the mesh. The removal of elements from concavities yields a segment-bounded



140 Jonathan Richard Shewchuk

(@) (b)

Figure 5.15:(a) Constrained Delaunay triangulation of the guitar PSLG and its convex hull. (b) Close-up of
a small angle formed at the bottom of PSLG because of the convex hull.

or facet-bounded mesh, so that Delaunay refinement may proceed.

Small angles present another motivation for removing elements from holes and concavities prior to
applying the Delaunay refinement algorithm. If a small angle is present within a hole or concavity (rather
than in the triangulated portion of the PSLG), the small angle has no effect on the meshing process. However,
if the mesh were refined prior to the carving of concavities and holes, unnecessarily small elements might
be produced, or the refinement stage might fail to terminate. This problem can appear with dastardly stealth
when meshing certain nonconvex objects that do not appear to have small angles. A very small angle may be
unexpectedly formed between a defining segment of the object and an edge of the convex hull, as illustrated
in Figure 5.15. The user, unaware of the effect of the convex hull edge, would be mystified why the Delaunay
refinement algorithm fails to terminate on what appears to be an easy PSLG. (In fact, this is how the negative
result of Section 3.6 first became evident to me.) Early removal of elements from concavities evades this
problem.

In Triangle and Pyramid, the same segment-bounded or facet-bounded depth-first search used to demar-
cate holes and concavities is also used to tag the elements of selected regions of the mesh with markers that
indicate which region they lie in.

5.3.3 Delaunay Refinement

The refinement stage is illustrated on a two-dimensional PSLG in Figure 5.16. As was noted in the previous
section, holes and interior boundaries are easily accommodated by the Delaunay refinement algorithm.

Triangle maintains a queue of encroached subsegments and a queue of skinny triangles, each of which
are initialized at the beginning of the refinement stage and maintained throughout; every vertex insertion
may add new members to either queue. Pyramid maintains queues of encroached subsegments, encroached
subfacets, and skinny tetrahedra. The queues of encroached subsegments and subfacets rarely contain more
than a few items, except at the beginning of the refinement stage, when they may contain many.

Each queue is initialized by traversing a list of all subsegments, subfacets, triangles, or tetrahedra present
in the mesh. Detection of encroached subsegments and subfacets is a local operation. For instance, a
subsegment may be tested for encroachment by inspecting only those vertices that appear directly opposite
the subsegment in a triangle (a triangular face in three dimensions).

To see why this fact is true, consider Figure 5.17(a). Both of the verticesqw) opposite the segment
s lie outside the diametral circle of Because the mesh is constrained Delaunay, each triangle’s circumcircle
is empty (on its side of), and therefore the diametral circleis empty. As Figure 5.17(b) shows, the same
argument is true of diametral lenses, because a diametral lens is defined by circular arcs passing through a
segment’s endpoints.



Implementing Delaunay Refinement Algorithms 141

Figure 5.16: Demonstration of the refinement stage. The first two images are the input PSLG and its
constrained Delaunay triangulation. In each image, highlighted segments or triangles are about to be split,
and highlighted vertices are rejected for insertion. Note that the algorithm easily accommodates interior

boundaries and holes.

Vv

(a) (b)

Figure 5.17:(a) If the apices (here, v and w) of the triangles that contain a subsegment s are outside the
diametral circle of s, then no vertex lies in the diametral circle of s, because the triangles are Delaunay. (b)

The same statement is true for the diametral lens of s.
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The same arguments apply in three dimensions to diametral spheres, equatorial spheres, and equatorial
lenses. In each case, a subsegment or subfacet may be quickly tested for encroachment by testing only the
tetrahedra that contain the subsegment or subfacet in question.

After the queues are initialized, the Delaunay refinement process may cause other subsegments and
subfacets to become encroached. The most obvious way to test whether a new vertex encroaches upon
some subsegment or subfacet is to insert it into the triangulation, then test each of the edges and faces that
appear opposite the vertex in some triangle, tetrahedron, or triangular face. If a subsegment or subfacet is
encroached, it is inserted into the appropriate queue, and the new vertex may have to be deleted from the
mesh. The decision to accept or reject a vertex depends on the type of vertex being inserted.

e Subsegment midpoint$hese are never rejected.

e Subfacet circumcentergiccording to the description of three-dimensional Delaunay refinement given
in Chapter 4, these are rejected if they encroach upon a subsegment. However, to obtain the bounds
proven in Chapter 4, it is only necessary to reject a subfacet circumcenter if it encroaches upon a
subsegment of the same facet. This fact reduces the amount of testing that must be done.

e Circumcenters of skinny triangles and tetrahedfdese are rejected if they encroach upon any sub-
segment or subfacet.

The test for subsegments, if they are protected by diametral circles or spheres, is quite simphe Let
a triangle formed by a subsegmenand a vertexy opposite it. If the angle at is greater tha®0°, then
v encroaches upog; this test reduces to a dot product. The tests for encroachment of diametral lenses,
equatorial spheres, and equatorial lenses are more complicated.

| turn from the topic of detecting encroachment to the topic of managing the queue of skinny elements
(which also holds elements that are too large, as dictated by bounds specified by the user). Each time a vertex
is inserted or deleted, each new triangle or tetrahedron that appears is tested, and is inserted into the queue if
its quality is too poor, or its area or volume too large. The number of triangles or tetrahedra in the final mesh
is determined in part by the order in which skinny elements are split, especially when a strong quality bound
is used. Figure 5.18 demonstrates how sensitive Ruppert’s algorithm is to the order. For this example with a
33° minimum angle, a heap of skinny triangles indexed by their smallest angle confers a 35% reduction in
mesh size over a first-in first-out queue. (This difference is typical for strong angle bounds, but thankfully
seems to disappear for small angle bounds.) The discrepancy probably occurs because circumcenters of
very skinny triangles are likely to eliminate more skinny triangles than circumcenters of mildly skinny
triangles. Unfortunately, a heap is slow for large meshes, especially when small area constraints force all of
the elements into the heap. Delaunay refinement usually kestime in practice, but the use of a heap
increases the complexity t8(n logn).

The solution used in Triangle and Pyramid, chosen experimentally, is to use 64 FIFO queues, each
representing a different interval of circumradius-to-shortest edge ratios. Oddly, it is counterproductive in
practice to order well-shaped elements, so one queue is used for well-shaped but too-large elements whose
quality ratios are all roughly smaller thar8 (in Triangle, corresponding to an angle of abd$it) or one (in
Pyramid). Elements with larger quality ratios are partitioned among the remaining queues. When a skinny
element is chosen for splitting, it is taken from the “worst” nonempty queue. A queue of nonempty queues
is maintained so that a skinny element may be chosen quickly. This method yields meshes comparable with
those generated using a heap, but is only slightly slower than using a single queue.
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Figure 5.18:Two meshes with a 33° minimum angle. The left mesh, with 290 triangles, was formed by
always splitting the worst existing triangle. The right mesh, with 450 triangles, was formed by using a
first-come first-split queue of skinny triangles.

During the refinement phase, Triangle generates about 22,800 new vertices per second on a DEC
3000/700. Pyramid generates a more modest 800 vertices per second. Vertices are inserted using a flip-
based incremental Delaunay algorithm, but in Triangle are inserted much more quickly than Table 5.1 would
suggest because a triangle’s circumcenter can be located quickly by starting the search at the triangle.

5.4 Conclusions

Triangle and Pyramid were originally designed and implemented to meet the needs of the Quake project [7]
at Carnegie Mellon University, a multidisciplinary effort to study earthquake-induced ground motion in the
Los Angeles basin. Such a study is necessarily of large magnitude, and exerts a great deal of stress on the
software infrastructure that supports it. Triangle and Pyramid have risen to the challenge, generating meshes
of up to 77 million tetrahedral elements. As well as using Triangle within the Quake project, | have released

it for public use, and expect to release Pyramid in a similar manner within the next year.

In the two years since Triangle was released to the public, | have heard from researchers and developers
who are using Triangle for a surprising variety of applications. Triangle seems to be particularly popular
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for triangulating survey and map data; for maintaining terrain databases, especially for use in real-time
simulations; and for discontinuity meshing for global illumination methods such as radiosity. | have also
heard from individuals using Triangle for more surprising applications, such as stereo vision, interpolation of
speech signals, computing the orientation of text images, modeling reflections of high frequency radio from
structures in cities, modeling the density of stars in the sky, the triangulation of virtual worlds for a video
game, and ecological research culminating in a paper by N. V. Joshi, entitled “The Spatial Organization of
Plant Communities in a Deciduous Forest.”

Of course, Triangle has also been used by many researchers for numerical simulation. Applications
include electrical current propagation in the myocardium, simulation of surgery on a model of the human
cornea, transport processes in estuaries and coastal waters, tomographic models of the seismic structure be-
neath Eurasia, Scbdinger’s equation in quantum confined structures, two-and-a-half-dimensional waveg-
uide problems, electrostatic and magnetostatic modeling of complex multielectrode systems, control volume
FEM for fluid flow and heat transfer, and surface meshing for BEM on integrated circuits.

These examples represent only a selected few of the applications that people have written to tell me
about, which in turn surely represent only a fraction of the people who are using Triangle. Several compa-
nies have also purchased licenses to use Triangle in their commercial products, for purposes including beam
element visualization, thermal analysis, interpolation between grids for an ocean floor database, visualiza-
tion of mining data, and cartoon animation.

The upshot is that there has long been an unanswered need for robust mesh generation in a great variety
of application domains. Although there was triangular meshing software available freely on the net prior to
Triangle, many of my users report that none had the combination of flexibility, robustness, and ease of use
of Triangle.



Chapter 6

Adaptive Precision Floating-Point
Arithmetic and Fast Robust Geometric
Predicates

From the beginning of the implementation of Triangle, and well into the development of Pyramid, floating-
point roundoff problems plagued me. Each program would sometimes crash, sometimes find itself stuck in
an endless loop, and sometimes produce garbled output. At first | believed that | would be able to fix the
problems by understanding how the algorithms went wrong when roundoff error produced incorrect answers,
and writing special-case code to handle each potential problem. Some of the robustness problems yielded
to this approach, but others did not. Fortunately, Steven Fortune of AT&T Bell Laboratories convinced me,

in a few brief but well-worded email messages (and in several longer and equally well-worded technical
papers), to choose the alternative path to robustness, which led to the research described in this chapter. For
reasons that will become apparent, exact arithmetic is the better approach to solving many, if not all, of the
robustness worries associated with triangulation.

Herein, | make three contributions to geometric robustness, the first two of which I hope will find appli-
cation elsewhere in numerical analysis. The first is to offer fast software-level algorithms for exact addition
and multiplication of arbitrary precision floating-point values. The second is to propose a technique for
adaptive precision arithmetic that can often speed these algorithms when one wishes to perform multipreci-
sion calculations that do not always require exact arithmetic, but must satisfy some error bound. The third is
to provide a practical demonstration of these technigues, in the form of implementations of several common
geometric calculations whose required degree of accuracy depends on their inputs. These robust geometric
predicates are adaptive; their running time depends on the degree of uncertainty of the result, and is usually
small.

These algorithms work on computers whose floating-point arithmetic uses radix two and exact rounding,
including machines complying with the IEEE 754 standard. The inputs to the predicates may be arbitrary
single or double precision floating-point numbers. C code is publicly available for the 2D and 3D orientation
and incircle tests, and is used very successfully in both Triangle and Pyramid. Timings of the implementa-
tions demonstrate their effectiveness.

145
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6.1 Introduction

Software libraries for arbitrary precision floating-point arithmetic can be used to accurately perform many
error-prone or ill-conditioned computations that would be infeasible using only hardware-supported approx-
imate arithmetic. Some of these computations have accuracy requirements that vary with their input. For
instance, consider the problem of finding the center of a circle, given three points that lie on the circle.
Normally, hardware precision arithmetic will suffice, but if the input points are nearly collinear, the problem
is ill-conditioned and the approximate calculation may yield a wildly inaccurate result or a division by zero.
Alternatively, an exact arithmetic library can be used and will yield a correct result, but exact arithmetic is
slow; one would rather use it only when one really needs to.

This chapter presents two techniques for writing fast implementations of extended precision calculations
like these, and demonstrates them with implementations of four commonly used geometric predicates. The
first technique is a suite of algorithms, several of them new, for performing arbitrary precision arithmetic.
The method has its greatest advantage in computations that process values of extended but small preci-
sion (several hundred or thousand bits), and seems ideal for computational geometry and some numerical
methods, where much benefit can be realized from a modest increase in precision. The second technique
is a way to modify these algorithms so that they compute their result adaptively; they are quick in most
circumstances, but are still slow when their results are prone to have high relative error. A third subject of
this chapter is a demonstration of these techniques with implementations and performance measurements of
four commonly used geometric predicates. An elaboration of each of these three topics follows.

Methods of simulating exact arithmetic in software can be classified by several characteristics. Some
exact arithmetic libraries operate on integers or fixed-point numbers, while others operate on floating-point
numbers. To represent a number, the former libraries store a significand of arbitrary length; the latter store
an exponent as well. Some libraries use the hardware’s integer arithmetic units, whereas others use the
floating-point units. Oddly, the decision to use integers or floating-point numbers internally is orthogonal to
the type of number being represented. It was once the norm to use integer arithmetic to build extended preci-
sion floating-point libraries, especially when floating-point hardware was uncommon and differed between
computer models. Times have changed, and modern architectures are highly optimized for floating-point
performance; on many processors, floating-point arithmetic is faster than integer arithmetic. The trend is
reversing for software libraries as well, and there are several proposals to use floating-point arithmetic to
perform extended-precision integer calculations. Fortune and Van Wyk [37, 36], Clarkson [23], and Avnhaim,
Boissonnat, Devillers, Preparata, and Yvinec [2] have described algorithms of this kind, designed to attack
the same computational geometry robustness problems considered later in this chapter. These algorithms
are surveyed in Section 6.2.

Another differentiating feature of multiprecision libraries is whether they use multiple exponents. Most
arbitrary precision libraries store numbers imaltiple-digitformat, consisting of a sequence of digits (usu-
ally of large radix, like23?) coupled with a single exponent. A freely available example of the multiple-digit
approach is Bailey’s MPFUN package [4], a sophisticated portable multiprecision library that uses digits
of machine-dependent radix (usual§*) stored as single precision floating-point values. An alternative is
the multiple-componentormat, wherein a number is expressed as a sum of ordinary floating-point words,
each with its own significand and exponent [76, 26, 61]. This approach has the advantage that the result of
an addition like23%° 4 2300 (which may well arise in calculations like the geometric predicates discussed
in Section 6.5.1) can be stored in two words of memory, whereas the multiple-digit approach will use at
least 601 bits to store the sum, and incur a corresponding speed penalty when performing arithmetic with
it. On the other hand, the multiple-digit approach can more compactly represent most numbers, because
only one exponent is stored. (MPFUN sacrifices this compactness to take advantage of floating-point hard-
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ware; the exponent of each digit is unused.) More pertinent is the difference in speed, discussed briefly in
Section 6.3.1.

The algorithms described herein use floating-point hardware to perform extended precision floating-
point arithmetic, using the multiple-component approach. These algorithms, described in Section 6.3, work
under the assumption that hardware arithmetic is performed in radix two with exact rounding. This assump-
tion holds on processors compliant with the IEEE 754 floating-point standard. Proofs of the correctness of
all algorithms are given.

The methods herein are closely related to, and occasionally taken directly from, methods developed
by Priest [76, 77], but are faster. The improvement in speed arises partly because Priest’s algorithms run
on a wide variety of floating-point architectures, with different radices and rounding behavior, whereas
mine are limited to and optimized for radix two with exact rounding. This specialization is justified by
the wide acceptance of the IEEE 754 standard. My algorithms also benefit from a relaxation of Priest’s
normalization requirement, which is less strict than the normalization required by multiple-digit algorithms,
but is nonetheless time-consuming to enforce.

| demonstrate these methods with publicly available code that performs the two-dimensional and three-
dimensional orientation and incircle tests, calculations that commonly arise in computational geometry. The
orientation test determines whether a point lies to the left of, to the right of, or on a line or plane; it is
an important predicate used in many (perhaps most) geometric algorithms. The incircle test determines
whether a point lies inside, outside, or on a circle or sphere, and is used for Delaunay triangulation. Inexact
versions of these tests are vulnerable to roundoff error, and the wrong answers they produce can cause
geometric algorithms to hang, crash, or produce incorrect output. Although exact arithmetic banishes these
difficulties, it is common to hear reports of implementations being slowed by factors of ten or more as
a consequence [56, 36]. For these reasons, computational geometry is an important arena for evaluating
extended precision arithmetic schemes.

The orientation and incircle tests evaluate the sign of a matrix determinant. It is significant that only
the sign, and not the magnitude, of the determinant is needed. Fortune and Van Wyk [36] take advantage of
this fact by using a floating-point filter: the determinant is first evaluated approximately, and only if forward
error analysis indicates that the sign of the approximate result cannot be trusted does one use an exact
test. | carry their suggestion to its logical extreme by computing a sequence of successively more accurate
approximations to the determinant, stopping only when the accuracy of the sign is assured. To reduce
computation time, approximations reuse a previous, less accurate computation when it is economical to do
so. Procedures thus designed are adaptive; they refine their results until they are certain of the correctness
of their answer. The technique is not limited to computational geometry, nor is it limited to finding signs
of expressions; it can be employed in any calculation where the required degree of accuracy varies. This
adaptive approach is described in Section 6.4, and its application to the orientation and incircle tests is
described in Section 6.5.

Readers who wish to use these predicates in their own applications are encouraged to download them
and try them out. However, be certain to read Section 6.6, which covers two important issues that must
be considered to ensure the correctness of the implementation: your processor’s floating-point behavior
and your compiler’s optimization behavior. Furthermore, be aware that exact arithmetic is not a panacea
for all robustness woes; its uses and limitations are discussed in Section 6.2. Exact arithmetic can make
robust many algorithms that take geometric input and return purely combinatorial output; for instance, a
fully robust convex hull implementation can be produced with recourse only to an exact orientation test.
However, in algorithms that construct new geometric objects, exact arithmetic is sometimes constrained by
its cost and its inability to represent arbitrary irrational numbers.
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A few words are appropriate to describe some of the motivation for pursuing robust predicates for
floating-point, rather than integer, operands. One might argue that real-valued input to a geometric pro-
gram can be scaled and approximated in integer form. Indeed, there are few geometric problems that truly
require the range of magnitude that floating-point storage provides, and integer formats had a clear speed
advantage over floating-point formats for small-scale exact computation prior to the present research. The
best argument for exact floating-point libraries in computational geometry, besides convenience, is the fact
that many existing geometric programs already use floating-point humbers internally, and it is easier to
replace their geometric predicates with robust floating-point versions than to retrofit the programs to use
integers throughout. Online algorithms present another argument, because they are not always compatible
with the scaled-input approach. One cannot always know in advance what resolution will be required, and
repeated rescalings may be necessary to support an internal integer format when the inputs are real and
unpredictable. In any case, | hope that this research will make it easier for programmers to choose between
integer and floating-point arithmetic as they prefer.

6.2 Related Work in Robust Computational Geometry

Most geometric algorithms are not originally designed for robustness at all; they are basedeath &M

mode] in which quantities are allowed to be arbitrary real numbers, and all arithmetic is exact. There are
several ways a geometric algorithm that is correct within the real RAM model can go wrong in an encounter
with roundoff error. The output might be incorrect, but be correct for some perturbation of its input. The
result might be usable yet not be valid for any imaginable input. Or, the program may simply crash or fail
to produce a result. To reflect these possibilities, geometric algorithms are divided into several classes with
varying amounts of robustnesexact algorithmswhich are always correctpbust algorithmswhich are

always correct for some perturbation of the inpstiable algorithmsfor which the perturbation is small;
quasi-robust algorithmswhose results might be geometrically inconsistent, but nevertheless satisfy some
weakened consistency criterion; afregile algorithms which are not guaranteed to produce any usable
output at all. The next several pages are devoted to a discussion of representative research in each class,
and of the circumstances in which exact arithmetic and other techniques are or are not applicable. For more
extensive surveys of geometric robustness, see Fortune [34] and Hoffmann [50].

Exact algorithms. A geometric algorithm igxactif it is guaranteed to produce a correct result when given

an exact input. (Of course, the input to a geometric algorithm may only be an approximation of some real-
world configuration, but this difficulty is ignored here.) Exact algorithms use exact arithmetic in some form,
whether in the form of a multiprecision library or in a more disguised form.

There are several exact arithmetic schemes designed specifically for computational geometry; most are
methods for exactly evaluating the sign of a determinant, and hence can be used to perform the orientation
and incircle tests. Clarkson [23] proposes an algorithm for using floating-point arithmetic to evaluate the
sign of the determinant of a small matrix of integers. A variant of the modified Gram-Schmidt procedure
is used to improve the conditioning of the matrix, so that the determinant can subsequently be evaluated
safely by Gaussian elimination. The 53 bits of significand available in IEEE double precision numbers are
sufficient to operate oh0 x 10 matrices of 32-bit integers. Clarkson’s algorithm is naturally adaptive; its
running time is small for matrices whose determinants are not near. zero

!The method presented in Clarkson’s paper does not work correctly if the determinant is exactly zero, but Clarkson (personal
communication) notes that it is easily fixed. “By keeping track of the scaling done by the algorithm, an upper bound can be
maintained for the magnitude of the determinant of the matrix. When that upper bound drops below one, the determinant must be
zero, since the matrix entries are integers, and the algorithm can stop.”
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Recently, Avnaim, Boissonnat, Devillers, Preparata, and Yvinec [2] proposed an algorithm to evaluate
signs of determinants @& x 2 and3 x 3 matrices ofp-bit integers using only and(p + 1)-bit arithmetic,
respectively. Surprisingly, this is sufficient even to implement the insphere test (which is normally written
as a4 x 4 or5 x 5 determinant), but with a handicap in bit complexity; 53-bit double precision arithmetic
is sufficient to correctly perform the insphere test on points having 24-bit integer coordinates.

Fortune and Van Wyk [37, 36] propose a more general approach (not specific to determinants, or even
to predicates) that represents integers using a standard multiple-digit technique with digits df*tadix
stored as double precision floating-point values. (53-bit double precision significands make it possible
to add several products of 23-bit integers before it becomes necessary to normalize.) Rather than use a
general-purpose arbitrary precision library, they have developed LN, an expression compiler that writes
code to evaluate a specific expression exactly. The size of the operands is arbitrary, but is fixed when LN
is run; an expression can be used to generate several functions, each for arguments of different bit lengths.
Because the expression and the bit lengths of all operands are fixed in advance, LN can tune the exact
arithmetic aggressively, eliminating loops, function calls, and memory management. The running time of
a function produced by LN depends on the bit complexity of the inputs. Fortune and Van Wyk report an
order-of-magnitude speed improvement over the use of multiprecision libraries (for equal bit complexity).
Furthermore, LN gains another speed improvement by installing floating-point filters wherever appropriate,
calculating error bounds automatically.

Karasick, Lieber, and Nackman [56] report their experiences optimizing a method for determinant evalu-
ation using rational inputs. Their approach reduces the bit complexity of the inputs by performing arithmetic
on intervals (with low precision bounds) rather than exact values. The determinant thus evaluated is also
an interval; if it contains zero, the precision is increased and the determinant reevaluated. The procedure
is repeated until the interval does not contain zero (or contains only zero), and the result is certain. Their
approach is thus adaptive, although it does not appear to use the results of one iteration to speed the next.

Because the Clarkson and Avnaim et al. algorithms are effectively restricted to low precision integer
coordinates, | do not compare their performance with that of my algorithms, though theirs may be faster.
Floating-point inputs are more difficult to work with than integer inputs, partly because of the potential for
the bit complexity of intermediate values to grow more quickly. (The Karasick et al. algorithm also suffers
this difficulty, and is probably not competitive with the other techniques discussed here, although it may be
the best existing alternative for algorithms that require rational numbers, such as those computing exact line
intersections.) When it is necessary for an algorithm to use floating-point coordinates, the aforementioned
methods are not currently an option (although it might be possible to adapt them using the techniques of
Section 6.3). | am not aware of any prior literature on exact determinant evaluation that considers floating-
point operands, except for one limited example: Ottmann, Thiemt, and Ullrich [74] advocate the use of an
accurate scalar produabperation, ideally implemented in hardware (though the software-level distillation
algorithm described in Section 6.3.8 may also be used), as a way to evaluate some predicates such as the 2D
orientation test.

Exact determinant algorithms do not satisfy the needs of all applications. A program that computes line
intersections requires rational arithmetic; an exact numerator and exact denominator must be stored. If the
intersections may themselves become endpoints of lines that generate more intersections, then intersections
of greater and greater bit complexity may be generated. Even exact rational arithmetic is not sufficient for
all applications; a solid modeler, for instance, might need to determine the vertices of the intersection of
two independent solids that have been rotated through arbitrary angles. Yet exact floating-point arithmetic
can’t even cope with rotating a squat®® in the plane, because irrational vertex coordinates result. The
problem of constructed irrational values has been partly attacked by the implementation of “real” numbers
in the LEDA library of algorithms [13]. Values derived from square roots (and other arithmetic operations)
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are stored in symbolic form when necessary. Comparisons with such numbers are resolved with great
numerical care, albeit sometimes at great cost; separation bounds are computed where necessary to ensure
that the sign of an expression is determined accurately. Floating-point filters and another form of adaptivity
(approximating a result repeatedly, doubling the precision each time) are used as well.

For the remainder of this discussion, consideration is restricted to algorithms whose input is geometric
(e.g. coordinates are specified) but whose output is purely combinatorial, such as the construction of a
convex hull or an arrangement of hyperplanes.

Robust algorithms. There are algorithms that can be made correct with straightforward implementations

of exact arithmetic, but suffer an unacceptable loss of speed. An alternative is to relax the requirement of
a correct solution, and instead accept a solution that is “close enough” in some sense that depends upon
the application. Without exact arithmetic, an algorithm must somehow find a way to produce sensible
output despite the fact that geometric tests occasionally tell it lies. No general techniques have emerged yet,
although bandages have appeared for specific algorithms, usually ensuring robustness or quasi-robustness
through painstaking design and error analysis. The lack of generality of these techniques is not the only
limitation of the relaxed approach to robustness; there is a more fundamental difficulty that deserves careful
discussion.

When disaster strikes and a real RAM-correct algorithm implemented in floating-point arithmetic fails to
produce a meaningful result, it is often because the algorithm has performed tests whose results are mutually
contradictory. Figure 6.1 shows an error that arose in the triangulation merging subroutine of Triangle’s
divide-and-conquer Delaunay triangulation implementation. The geometrically nonsensical triangulation in
the illustration was produced.

On close inspection with a debugger, | found that the failure was caused by a single incorrect result
of the incircle test. At the bottom of Figure 6.1 appear four nearly collinear points whose deviation from
collinearity has been greatly exaggerated for clarity. The paints ¢, andd had been sorted by their
z-coordinates, and had been correctly established (by orientation tests) to lie below thediaad above
the linead. In principle, a program could deduce from these facts éhedinnot fall inside the circldcb.
Unfortunately, the incircle test incorrectly declared thddy inside, thereby leading to the invalid result.

It is significant that the incircle test was not just wrong about these particular points; it was inconsistent
with the “known combinatorial facts.” A correct algorithm (that computes a purely combinatorial result)
will produce a meaningful result if its test results are wrong but are consistent with each other, because there
exists an input for which those test results are correct. Following Fortune [32], an algoritbbusif it
always produces the correct output under the real RAM model, and under approximate arithmetic always
produces an output that is consistent with some hypothetical input that is a perturbation of the true input; it
is stableif this perturbation is small. Typically, bounds on the perturbation are proven by backward error
analysis. Using only approximate arithmetic, Fortune gives an algorithm that computes a planar convex hull
that is correct for points that have been perturbed by a relative error of athesfwheree is the machine
epsilon, defined in Section 6.4.2), and an algorithm that maintains a triangulation that can be made planar by
perturbing each vertex by a relative error of at mOst%¢), wheren is the number of vertices. If it seems
surprising that a “stable” algorithm cannot keep a triangulation planar, consider the problem of inserting a
new vertex so close to an existing edge that it is difficult to discern which side of the edge the vertex falls
on. Only exact arithmetic can prevent the possibility of creating an “inverted” triangle.

One might wonder if my triangulation program can be made robust by avoiding any test whose result
can be inferred from previous tests. Fortune [32] explains that

[a]n algorithm isparsimoniousf it never performs a test whose outcome has already been deter-
mined as the formal consequence of previous tests. A parsimonious algorithm is clearly robust,
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Figure 6.1:Top left: A Delaunay triangulation. Top right: An invalid triangulation created due to roundoff
error. Bottom: Exaggerated view of the inconsistencies that led to the problem. The algorithm “knew” that
the point b lay between the lines ac and ad, but an incorrect incircle test claimed that a lay inside the circle
dcb.

since any path through the algorithm must correspond to some geometric input; making an al-
gorithm parsimonious is the most obvious way of making it robust. In principle it is possible to
make an algorithm parsimonious: since all primitive tests are polynomial sign evaluations, the
question of whether the current test is a logical consequence of previous tests can be phrased as
a statement of the existential theory of the reals. This theory is at least NP-hard and is decidable
in polynomial space [15]. Unfortunately, the full power of the theory seems to be necessary for
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some problems. An example is thee arrangement problemgiven a set of lines (specified

by real coordinatesa, b, ¢), so thatax + by = ¢), compute the combinatorial structure of the
resulting arrangement in the plane. It follows from recent work of Mnev [71] that the problem
of deciding whether a combinatorial arrangement is actually realizable with lines is as hard as
the existential theory of the reals. Hence a parsimonious algorithm for the line arrangement
problem ...seems to require the solution of NP-hard problems.

Because exact arithmetic does not require the solution of NP-hard problems, an intermediate course
is possible; one could employ parsimony whenever it is efficient to do so, and resort to exact arithmetic
otherwise. Consistency is guaranteed if exact tests are used to bootstrap the “parsimony engine.” | am not
aware of any algorithms in the literature that take this approach, although geometric algorithms are often
designed by their authors to avoid the more obviously redundant tests.

Quasi-robust algorithms. The difficulty of determining whether a line arrangement is realizable suggests
that, without exact arithmetic, robustness as defined above may be an unattainable goal. However, some-
times one can settle for an algorithm whose output might not be realizable. | place such algorithms in a
bag labeled with the fuzzy termuasi-robust which | apply to any algorithm whose output is somehow
provably distinguishable from nonsense. Milenkovic [65] circumvents the aforementioned NP-hardness re-
sult while using approximate arithmetic by constructing pseudo-line arrangemesesyi@o-linds a curve
constrained to lie very close to an actual line. Fortune [35] presents a 2D Delaunay triangulation algorithm
that constructs, using approximate arithmetic, a triangulation that is nearly Delaunay in a well-defined sense
using the pseudo-line-like notion of pseudocircles. Unfortunately, the algorithm’s running tithe#3,

which compares poorly with th&®(nlogn) time of optimal algorithms. Milenkovic's and Fortune’s al-
gorithms are botlguasi-stable having small error bounds. Milenkovic’s algorithm can be thought of as a
quasi-robust algorithm for line arrangements, or as a robust algorithm for pseudo-line arrangements.

Barber [8] pioneered an approach in which uncertainty, including the imprecision of input data, is a part
of each geometric entityBoxesare structures that specify the location and the uncertainty in location of
a vertex, edge, facet, or other geometric structure. Boxes may arise either as input or as algorithmic con-
structions; any uncertainty resulting from roundoff error is incorporated into their shapes and sizes. Barber
presents algorithms for solving the point-in-polygon problem and for constructing convex hulls in any di-
mension. For the point-in-polygon problem, “can’t tell” is a valid answer if the uncertainty inherent in the
input or introduced by roundoff error prevents a sure determination. The salient feature of Barber's Quick-
hull convex hull algorithm is that it merges hull facets that cannot be guaranteed (through error analysis)
to be clearly locally convex. Thisox complexproduced by the algorithm is guaranteed to contain the true
convex hull, bounding it, if possible, both from within and without.

The degree of robustness required of an algorithm is typically determined by how its output is used.
For instance, many point location algorithms can fail when given a non-planar triangulation. For this very
reason, my triangulator crashed after producing the flawed triangulation in Figure 6.1.

The reader should take three lessons from this section. First, problems due to roundoff can be severe
and difficult to solve. Second, even if the inputs are imprecise and the user isn't picky about the accuracy of
the output, internal consistency may still be necessary if any output is to be produced at all; exact arithmetic
may be required even when exact results aren’t. Third, neither exact arithmetic nor clever handling of tests
that tell falsehoods is a universal balm. However, exact arithmetic is attractive when it is applicable, because
it can be employed by me program developers without the time-consuming need for careful analysis of a
particular algorithm’s behavior when faced with imprecision. (I occasionally hear of implementations where
more than half the developers’ time is spent solving problems of roundoff error and degeneracy.) Hence,
efforts to improve the speed of exact arithmetic in computational geometry are well justified.
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6.3 Arbitrary Precision Floating-Point Arithmetic

6.3.1 Background

Most modern processors support floating-point numbers of the fesignificandx 2€XPONeNt The signif-

icand is ap-bit binary number of the formd.bbb . . ., where eacth denotes a single bit; one additional bit
represents the sign. This research does not address issues of overflow and underflow, so | allow the expo-
nent to be an integer in the ranfieco, oo]. (Fortunately, many applications have inputs whose exponents

fall within a circumscribed range. The four predicates implemented for this chapter will not overflow nor
underflow if their inputs have exponents in the rahgé42, 201] and IEEE 754 double precision arithmetic

is used.) Floating-point values are generailtyrmalized which means that if a value is not zero, then its

most significant bit is set to one, and the exponent adjusted accordingly. For example, in four-bit arithmetic,
binary 1101 (decimal13) is represented ak101 x 23. See the survey by Goldberg [44] for a detailed
explanation of floating-point storage formats, particularly the IEEE 754 standard.

Exact arithmetic often produces values that require morehats to store. For the algorithms herein,
each arbitrary precision value is expressed as@ansiofd z = z,, + - - - + 22 + 21, Where eachy; is called
a componenbf z and is represented by a floating-point value with-hit significand. To impose some
structure on expansions, they are required todneoverlappingand ordered by magnitude,( largest,z;
smallest). Two floating-point valuesandy are nonoverlapping if the least significant nonzero bit a$
more significant than the most significant nonzero biy0br vice versa; for instance, the binary values
1100 and—10.1 are nonoverlapping, wherea81 and10 overlap? The number zero does not overlap any
number. An expansion is nonoverlapping if all its components are mutually nonoverlapping. Note that
a number may be represented by many possible nonoverlapping expansions; cbr#ider—10.1 =
1001 + 0.1 = 1000 + 1 + 0.1. A nonoverlapping expansion is desirable because it is easy to determine
its sign (take the sign of the largest component) or to produce a crude approximation of its value (take the
component with largest magnitude).

Two floating-point values: andy areadjacentif they overlap, ifx overlaps2y, or if 2 overlapsy. For
instance,1100 is adjacent td 1, but 1000 is not. An expansion isonadjacenif no two of its components
are adjacent. Surprisingly, any floating-point value has a corresponding nonadjacent expansion; for instance,
11111 may appear at first not to be representable as a nonoverlapping expansion of one-bit components, but
consider the expansiord0000 + —1. The trick is to use the sign bit of each component to separate it from
its larger neighbor. We will later see algorithms in which nonadjacent expansions arise naturally.

Multiple-component algorithms (based on the expansions defined above) can be faster than multiple-
digit algorithms because the latter require expensive normalization of results to fixed digit positions, whereas
multiple-component algorithms can allow the boundaries between components to wander freely. Boundaries
are still enforced, but can fall at any bit position. In addition, it usually takes time to convert an ordinary
floating-point number to the internal format of a multiple-digit library, whereas any ordinary floating-point
numberis an expansion of length one. Conversion overhead can account for a significant part of the cost of
small extended precision computations.

The central conceptual difference between standard multiple-digit algorithms and the multiple-compo-
nent algorithms described herein is that the former perform exact arithmetic by keeping the bit complexity of
operands small enough to avoid roundoff error, whereas the latter allow roundoff to occur, then account for

2Note that this definition oéxpansioris slightly different from that used by Priest [76]; whereas Priest requires that the expo-
nents of any two components of the expansion differ by at jgasb such requirement is made here.
2Formally,z andy are nonoverlapping if there exist integerands such thatr = r2° and|y| < 2¢, ory = r2° and|z| < 2°.
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it after the fact. To measure roundoff quickly and correctly, a certain standard of accuracy is required from
the processor’s floating-point units. The algorithms presented herein rely on the assumption that addition,
subtraction, and multiplication are performed watkact rounding This means that if the exact result can be
stored in gp-bit significand, then the exact result is produced,; if it cannot, then it is rounded to the nearest
p-bit floating-point value. For instance, in four-bit arithmetic the produdt x 101 = 100011 is rounded

to 1.001 x 2°. If a value falls precisely halfway between two consecutivait values, a tiebreaking rule
determines the result. Two possibilities are the round-to-even rule, which specifies that the value should
be rounded to the neargsbit value with an even significand, and the round-toward-zero rule. In four-bit
arithmetic,10011 is rounded td.010 x 2* under the round-to-even rule, andit601 x 2* under the round-
toward-zero rule. The IEEE 754 standard specifies round-to-even tiebreaking as a default. Throughout this
chapter, the symbols, 5, and® represenp-bit floating-point addition, subtraction, and multiplication with
exact rounding. Due to roundoff, these operators lack several desirable arithmetic properties. Associativity
is an example; in four-bit arithmeti€1000 & 0.011) & 0.011 = 1000, but1000 & (0.011 & 0.011) = 1001.

A list of reliable identities for floating-point arithmetic is given by Knuth [57].

Roundoff is often analyzed in termswalps, or “units in the last place.” An ulp is the effective magnitude
of the low-order th) bit of ap-bit significand. An ulp is defined relative to a specific floating point value; |
shall use ulpa) to denote this quantity. For instance, in four-bit arithmetic{«lpLl00) = 1, and ulgl) =
0.001.

Another useful notation is g ® b), which denotes the roundoff error incurred by usinglzt floating-
point operation® to approximate a real operatian(addition, subtraction, multiplication, or division) on
the operands andb. Note that whereas ulp is an unsigned quantity, err is signed. For any basic operation,
a®b=axb+erna®b), and exact rounding guarantees tfet(a ® b)| < sulp(a ® b).

In the pages that follow, various properties of floating-point arithmetic are proven, and algorithms for
manipulating expansions are developed based on these properties. Throughout, binary and decimal numbers
are intermixed; the base should be apparent from context. A number is saiceipiassible irp bits if
it can be expressed withzabit significand,not counting the sign bit or the exponent. | will occasionally
refer to themagnitude of a bjtdefined relative to a specific number; for instance, the magnitude of the
second nonzero bit of binary1110 is four. The remainder of this section is quite technical; the reader may
wish to skip the proofs on a first reading. The key new results are Theorems 48, 54, and 59, which provide
algorithms for summing and scaling expansions.

6.3.2 Properties of Binary Arithmetic

Exact rounding guarantees thatr(a ® b)| < ulp(a ® b), but one can sometimes find a smaller bound for

the roundoff error, as evidenced by the two lemmata below. The first lemma is useful when one operand
is much smaller than the other, and the second is useful when the sum is close to a power of two. For
Lemmata 36 through 40, latandb be p-bit floating-point numbers.

Lemma 36 Leta @ b = a + b+ err(a & b). The roundoff erroterr(a @ b)| is no larger thanja| or |b|. (An
analogous result holds for subtraction.)

Proof: Assume without loss of generality thial > |b|. The suma & b is thep-bit floating-point number
closest tau + b. Buta is ap-bit floating-point number, sterr(a @ b)| < |b| < |a|. (See Figure 6.2.) =

Corollary 37 The roundoff errorerr(a @ b) can be expressed withyabit significand.
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101.1 110.0 110.1 111.0 111.1 1000 1001 1010
a adb
a+b

Figure 6.2:Demonstration of the first two lemmata. Vertical lines represent four-bit floating-point values.
The roundoff error is the distance between a + b and a & b. Lemma 36 states that the error cannot be larger
than |b|. Lemma 38(b) states that if |a + b| < 2¢(2P*! + 1) (for i = —2 and p = 4, this means that a + b falls
into the darkened region), then the error is no greater than 2¢. This lemma is useful when a computed value
falls close to a power of two.

Proof: Assume without loss of generality that > |b|. Clearly, the least significant nonzero bit of(@r®b)
is no smaller in magnitude than lp. By Lemma 36]err(a @ b)| < |b|; hence, the significand of éuré b)
is no longer than that df. It follows that erfa & b) is expressible ip bits.

Lemma 38 For any basic floating-point operation leta ® b = a * b+ err(a ® b). Then:

(@) If lerr(a ® b)| > 2 for some integeti, then|a * b| > 2¢(2P + 1).

(b) If |err(a ® b)| > 2¢ for some integef, then|a * b| > 27(2P! 4+ 1).
Proof:

(@ The numberg’(2P),2¢(2P — 1),2¢(2P — 2),...,0 are all expressible ip bits. Any value|a  b| <
2¢(2P 4 1) is within a distance less that from one of these numbers.

(b) The numberg?(2P+1), 2¢(2P+1 — 2) 2¢(2P+1 — 4),...,0 are all expressible ip bits. Any value
la * b < 2¢(2P+! + 1) is within a distance o2’ from one of these numbers. (See Figure 6.2.) B

The next two lemmata identify special cases for which computer arithmetic is exact. The first shows that
addition and subtraction are exact if the result has smaller magnitude than the operands.

Lemma 39 Suppose thats + b| < |a| and|a + b| < |b|. Thena & b = a + b. (An analogous result holds
for subtraction.)

Proof: Without loss of generality, assumg > |b|. Clearly, the least significant nonzero bitof- b is no
smaller in magnitude than ulp). However,|a + b| < |b|. It follows thata + b can be expressed jnbits. B

Many of the algorithms will rely on the following lemma, which shows that subtraction is exact for two
operands within a factor of two of each other:
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e = 1 1 0 1 a = 1 0 0 1 x 21
b =1 01 0 b = 1 0 01
a—b = 11 a—b = 1 00 1

Figure 6.3:Two demonstrations of Lemma 40.

Lemma 40 (Sterbenz [89]) Suppose thai € [5,2a]. Thena © b = a — b.

Proof: Without loss of generality, assumg > |b|. (The other case is symmetric, becaussh = —b6—a.)
Thenb € [3, a]. The difference satisfiga — b| < |b| < |al; the result follows by Lemma 39. [ |

Two examples demonstrating Lemma 40 appear in Figure 6d3aifdb have the same exponent, then
floating-point subtraction is analogous to finding the difference betweep-wointegers of the same sign,
and the result is expressiblejrbits. Otherwise, the exponentsoandb differ by one, becausiec (5, 2a).

In this case, the difference has the smaller of the two exponents, and so can be expressed in

6.3.3 Simple Addition

An important basic operation in all the algorithms for performing arithmetic with expansions is the addition
of two p-bit values to form a nonoverlapping expansion (of length two). Two such algorithms, due to Dekker
and Knuth respectively, are presented.

Theorem 41 (Dekker [26]) Let « and b be p-bit floating-point numbers such thét| > |b|. Then the
following algorithm will produce a nonoverlapping expansios- y such thate + b = = + y, wherez is an
approximation taz + b andy represents the roundoff error in the calculationasof

FAST-TWO-SUM (a, b)
1 rT<=adb

2 byjrtual = Oa
3 Y= 0O byjyal
4 return (z,y)

Proof: Line 1 computes: + b, but may be subject to rounding, so we have= a + b + errla & b). By
assumptiona| > |b|, soa andz must have the same sign (o= 0).

Line 2 computes the quantitl iy ,5, Which is the value that waally added toa in Line 1. This
subtraction is computed exactly; this fact can be proven by considering two cagsesidb have the same
sign, or if |b| < L;' thenz € [3, 2a] and one can apply Lemma 40 (see Figure 6.4). On the other hand, if
andb are opposite in sign arjd| > L;' thenb € [-%, —a] and one can apply Lemma 40 to Line 1, showing
thatz was computed exactly and therefdg,t,5 = b (see Figure 6.5). In either case the subtraction is

exact, Styjitygl = —a =b+er(a ®b).
Line 3 is also computed exactly. By Corollary 37+ byjrt,q] = —€'M(a © b) is expressible ip bits.

It follows thaty = —err(a @ b) andz = a + b + err(a & b), hencea + b = = + y. Exact rounding
guarantees thay| < %ulp(m), soz andy are nonoverlapping. [ |
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a 1 11 1 x 22
b = 1 0 01
r = a®b =10 0 1 x 23
a = 1 11 1 x 22
y = bObyjyal = - 11

Figure 6.4:Demonstration of FAST-TwO-Sum where a and b have the same sign. The sum of 111100 and
1001 is the expansion 1001000 + —11.

a = 1 0 01 x 21

b = — 10 1 1

r = a®b = 1 1 1

a = 1 0 01 x 21
bvirtual = O a = — 1 0 1 1

y = bObynual = 0

Figure 6.5:Demonstration of FAST-Two-Sum where a and b have opposite sign and |b| > %

Note that the outputs andy do not necessarily have the same sign, as Figure 6.4 demonstrates. Two-
term subtraction (“AST-Two-DIFF”) is implemented by the sequenee <= a © b; byjrpyal < @ © T;
Y <= byirtual © b- The proof of the correctness of this sequence is analogous to Theorem 41.

The difficulty with using RST-Two-SuM is the requirement thdt| > |[b]. If the relative sizes of
a and b are unknown, a comparison is required to order the addends before invok8TgTRvO-SUM.
With most C compiler§ perhaps the fastest portable way to implement this test is with the statement
“if (& > b) == (a > -h)) ". This test takes time to execute, and the slowdown may be sur-
prisingly large because on modern pipelined and superscalar architecturiésstaiement coupled with
imperfect microprocessor branch prediction may cause a processor’s instruction pipeline to drain. This ex-
planation is speculative and machine-dependent, but the-Bum algorithm below, which avoids a com-
parison at the cost of three additional floating-point operations, is usually empirically’fa€iecourse,
FAST-TwO-SumM remains faster if the relative sizes of the operands are kogriori, and the comparison
can be avoided.

Theorem 42 (Knuth [57]) Let a and b be p-bit floating-point numbers, where > 3. Then the follow-
ing algorithm will produce a nonoverlapping expansiont y such thate + b = = + y, wherez is an

“The exceptions are those few that can identify and optimizésthe() math library call.

®0n a DEC Alpha-based workstation, using the bundled C compiler with optimization levat@;SUm uses roughly 65% as
much time as EST-Two-SuM conditioned with the testf* ((a > b) == (a > -b)) ". On a SPARCstation IPX, using the
GNU compiler with optimization level 2, Wo-Sum uses roughly 85% as much time. On the other hand, using the SPARCstation’s
bundled compiler with optimization (which produces slower code than gcc), conditiasat Fwo-SuM uses only 82% as much
time as wWo-SuMm. The lesson is that for optimal speed, one must time each method with one’s own machine and compiler.



158 Jonathan Richard Shewchuk

a 1 1. 1 1
b = 110
r = a®b = 1 00 0 %21
a = 1 1. 1 1
bvirtual = rToa = 11 0
Gyirtual = z O byirtual = 1 0 0
broundoff = b © byirtual = 1
Aroundoff = a O ayjirtyal = — 0. 01
Y = aroundoff® broundoff = 0. 1 1

Figure 6.6:Demonstration of Two-Sum where |a| < |b| and |a| < |z|. The sum of 11.11 and 1101 is the
expansion 10000 + 0.11.

approximation ta: + b andy is the roundoff error in the calculation af.

Two-SuM (a, b)
r<=a®b
byirtual = © a

avirtual < = © byjryal
broundoff < 0 © byirtyal
aroundoff < @ © Ayjirtual

Y <= aroundoff® Proundoff
7 return (z,y)

OO WNPRFP

Proof: If |a| > |b|, then Lines 1, 2, and 4 correspond precisely to theT=Two-Sum algorithm. Recall
from the proof of Theorem 41 that Line 2 is calculated exactly; it follows that Line 3wbISum is
calculated exactly as well, becausgt,51 = @ can be expressed exactly. Henegg ndoff IS Z€ro,
¥ = broundoffiS computed exactly, and the procedure is correct.

Now, suppose that| < |b|, and consider two cases. |if| < |a| < |b|, thenz is computed exactly by
Lemma 39. It immediately follows thadkiit,a1 = : avirtual = @ @ndbroundofe %roundofs andy are
zero.

Conversely, if|z| > |a|, Lines 1 and 2 may be subject to rounding, 250= a + b + err(a & b),
andbyjrtyal = b+ er(a © b) + err(z © a). (See Figure 6.6.) Lines 2, 3, and 5 are analogous to the
three lines of BST-Two-DIFF (with Line 5 negated), so Lines 3 and 5 are computed exactly. Hence,
avirtual = * — Dvirtual = @ — €Mz © a), andaygndoff = €Mz © a).

Becausgb| > |a|, we havelz| = |a @ b| < 2|b]|, so the roundoff errors € @ b) and erfx © a) each
cannot be more than ulfp), sobyiriyal € [%, 2b] (for p > 3) and Lemma 40 can be applied to show that Line
4 is exact. Hencey o ndoff = —€ffla ® b) — err(z © a). Finally, Line 6 is exact because by Corollary 37,
aroundoff + Proundoff = —€MM(a @ b) is expressible ip bits.

It follows thaty = —err(a ® b) andz = a + b+ err(a ® b), hencen + b = = + y. [
Two-term subtraction (“Wo-DIFF”) is implemented by the sequenee< a © b; byjrtyal < @ © T;
avirtual < % @ byirtuali froundoff < virtual © b ¢roundoff < @ © Syirtuali ¥ <= %roundoff® Croundoff
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Corollary 43 Letx andy be the values returned BSAST-TWO-SUM or TWO-SUM.

(@) If |y| > 2! for some integet, then|z + y| > 2¢(2P + 1).

(b) If |y| > 2° for some integet, then|z + y| > 2¢(2P+ + 1),

Proof: y is the roundoff error-err(a @ b) for somea andb. By Theorems 41 and 42,+ b = = + y. The
results follow directly from Lemma 38. [ ]

Corollary 44 Letx andy be the values returned BBsaST-TWO-SUM or Two-SuM. On a machine whose
arithmetic uses round-to-even tiebreakingandy are nonadjacent.

Proof: Exact rounding guarantees that %ulp(m). If the inequality is strictz andy are nonadjacent. If
Yy = %ulp(z), the round-to-even rule ensures that the least significant bit of the significanid aéro, sor
andy are nonadjacent. ]

6.3.4 Expansion Addition

Having established how to add twebit values, | turn to the topic of how to add two arbitrary precision
values expressed as expansions. Three methods are availableyEON-SuM adds ann-component ex-
pansion to am-component expansion (mn) time. LINEAR-EXPANSION-SUM and FAST-EXPANSION-
SuM do the same i (m + n) time.

Despite its asymptotic disadvantagesFANSION-SUM can be faster than the linear-time algorithms in
cases where the size of each expansion is small and fixed, because program loops can be completely unrolled
and indirection overhead can be eliminated (by avoiding the use of arrays). The linear-time algorithms have
conditionals that make such optimizations untenable. HengeAESION-SUM and FAST-EXPANSION-
SuM are both used in the implementations of geometric predicates described in Section 6.5.

EXPANSION-SUM and LINEAR-EXPANSION-SUM both have the property that their outputs are non-
overlapping if their inputs are nonoverlapping, and nonadjacent if their inputs are nonadjaeca®t. F
EXPANSION-SUM is faster than INEAR-EXPANSION-SUM, performing six floating-point operations per
component rather than nine, but has three disadvantages. RisstBXPANSION-SUM does not always
preserve either the nonoverlapping nor the nonadjacent property; instead, it preserves an intermediate prop-
erty, described later. Second, whereaisHAR-EXPANSION-SUM makes no assumption about the tiebreak-
ing rule, FAST-EXPANSION-SUM is designed for machines that use round-to-even tiebreaking, and can
fail on machines with other tiebreaking rules. Third, the correctness proofAsr-EXPANSION-SUM
is much more tedious. Nevertheless, | uges FEXPANSION-SUM in my geometric predicates, and rele-
gate the slower INEAR-EXPANSION-SUM to Appendix A. Users of machines that have exact rounding
but not round-to-even tiebreaking should replace callsAsTHEXPANSION-SUM with calls to LNEAR-
EXPANSION-SUM.

A complicating characteristic of all the algorithms for manipulating expansions is that there may be
spurious zero components scattered throughout the output expansions, even if no zeros were present in the
input expansions. For instance, if the expansioid +0.0101 and1100+-0.11 are passed as inputs to any of
the three expansion addition algorithms, the output expansion in four-bit arithmeti®iz+0+0+0.0001.

One may want to add expansions thus produced to other expansions; fortunately, all the algorithms in this
chapter cope well with spurious zero components in their input expansions. Unfortunately, accounting for
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eq €3 €2 €1

Q4‘ Two |, Q3| Two . Q| Two . Qi Two .«
Sum [ Sum [ Sum [ SuM

h5 h4 h3 h2 hl

Figure 6.7:0peration of GROW-EXPANSION. The expansions e and h are illustrated with their most signif-
icant components on the left. All Two-Sum boxes in this chapter observe the convention that the larger
output (x) emerges from the left side of each box, and the smaller output (y) from the bottom or right. Each
Q; term is an approximate running total.

these zero components could complicate the correctness proofs significantly. To avoid confusion, most of the
proofs for the addition and scaling algorithms are written as if all input components are nonzero. Spurious

zeros can be integrated into the proofs (after the fact) by noting that the effect of a zero input component is

always to produce a zero output component without changing the value of the accumulator (denoted by the
variable@). The effect can be likened to a pipeline delay; it will become clear in the first few proofs.

Each algorithm has an accompanying dataflow diagram, like Figure 6.7. Readers will find the proofs
easier to understand if they follow the diagrams while reading the proofs, and keep several facts in mind.
First, Lemma 36 indicates that the down arrow from anyoFSuM box represents a number no larger than
either input to the box. (This is why a zero input component yields a zero output component.) Second,
Theorems 41 and 42 indicate that the down arrow from ampISuM box represents a number too small
to overlap the number represented by the left arrow from the box.

| begin with an algorithm for adding a singlebit value to an expansion.

Theorem 45 Lete = Y1, e; be a nonoverlapping expansion af p-bit components, and létbe ap-bit
value where > 3. Suppose that the componeatses,, . . . , e, are sorted in order ofncreasingmagnitude,
except that any of the may be zero. Then the following algorithm will produce a nonoverlapping expansion
h such thath = Z?j{l h; = e + b, where the components, hs, ..., h,,+1 are also in order of increasing
magnitude, except that any of tthe may be zero. Furthermore, i is nonadjacent and round-to-even
tiebreaking is used, thelis nonadjacent.

GROW-EXPANSION(e, b)

1 Qo<b
2 fori<1tom
3 (Ql,hz) = TWO-SUM(Qz;l,ei)

4 hm+1 = Qm
5 return A

Q; is an approximate sum éfand the first components of; see Figure 6.7. In an implementation, the
array( can be collapsed into a single scalar.
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Proof: At the end of each iteration of ther loop, the invariant)); + Z§:1 hj = b+ Z§:1 e; holds.
Certainly this invariant holds far= 0 after Line 1 is executed. From Line 3 and Theorem 42, we have that
Qi + h; = Q;_1 + e;; from this one can deduce inductively that the invariant holds for all (relevant values
of) i. Thus, after Line 4 is executeE;-":ﬁ1 hj =3 e +b.

For all 7, the output of wo-Sum (in Line 3) has the property thdt; and (); do not overlap. By
Lemma 36,/h;| < |e;|, and because is a nonoverlapping expansion whose nonzero components are ar-
ranged in increasing ordéet; cannot overlap any of; 11, e;12, . . .. It follows thath; cannot overlap any of
the later components &f, because these are constructed by sumr@inwith latere components. Hence,

h is nonoverlapping and increasing (excepting zero componerits tffround-to-even tiebreaking is used,
thenh; andQ); are nonadjacent for all(by Corollary 44), so it is nonadjacent, theh is nonadjacent.

If any of thee; is zero, the corresponding output componeris also zero, and the accumulator vatpe
is unchanged@; = @;_1). (For instance, consider Figure 6.7, and supposecthatzero. The accumulator
value ), shifts through the pipeline to becomg;, and a zero is harmlessly output/as The same effect
occurs in several algorithms in this chapter.) ]

Corollary 46 The firstm components of are each no larger than the corresponding componeit ¢fhat
is, |h1| < let], |he| <lea|, ..., |hm| < |em|.) Furthermore,|hy| < |b].

Proof. Follows immediately by application of Lemma 36 to Line 3. (Both of these facts are apparent in
Figure 6.7. Recall that the down arrow from anw®-Sum box represents a number no larger than either
input to the box.) [ ]

If e is a long expansion, two optimizations might be advantageous. The first is to use a binary search
to find the smallest component efgreater than or equal to ully, and start there. A variant of this idea,
without the search, is used in the next theorem. The second optimization is to stop early if the output of a
Two-SuMm operation is the same as its inputs; the expansion is already nonoverlapping.

A naive way to add one expansion to another is to repeatedly wsBWAEEXPANSION to add each
component of one expansion to the other. One can improve this idea with a small modification.

Theorem 47 Lete = > 1", e; and f = Y1, f; be nonoverlapping expansions «f and n p-bit com-
ponents, respectively, whepe> 3. Suppose that the components of bettnd f are sorted in order of
increasing magnitude, except that any of ¢her f; may be zero. Then the following algorithm will produce
a nonoverlapping expansidnsuch thath = 3" h; = e + f, where the components bfare in order of
increasing magnitude, except that any of thenay be zero. Furthermore, éfand f are nonadjacent and
round-to-even tiebreaking is used, thiefis nonadjacent.

EXPANSION-SUM (e, f)

1 h<e
2 fori<1ton
3 (hiyhig1, - hiym) < GROW-EXPANSION((hs, Biy1, .- -, Biym—1), fi)

4 return h
Proof: That} 74" h; = 37, e; + 31, f; upon completion can be proven by induction on Line 3.

After settingh < e, EXPANSION-SUM traverses the expansighfrom smallest to largest component,
individually adding these components/tasing GROW-EXPANSION (see Figure 6.8). The theorem would
follow directly from Theorem 45 if each componefijtwere added to the whole expansibnbut to save
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€4 €3 €2 €1
Two |, Two |, Two |, Two
sum [“] sum [ sum [ sum [t
Y Y Y Y
Two |, Two |, Two |, Two | f
Sum [0 Sum [0 Sum [0 Sum 2
Y Y Y Y
| Two |_ Two |, Two |, Two | f
Sum [T | Sum [ | Sum [T | Sum 3
! ! ! } I I
h7 h6 h5 h4 h3 h2 hl
Figure 6.8:Operation of EXPANSION-SUM.
time, only the subexpansiofh;, h;11,...,hi+m—1) iS considered. (In Figure 6.8, this optimization saves

three Two-SumMm operations that would otherwise appear in the lower right corner of the figure.)

Whenf; is considered, the componerts fo,. .., f;_1 have already been summed iftoAccording to
Corollary 46,|h;| < |f;| after iterationj of Line 3. Becausg is an increasing nonoverlapping expansion,
for anyj < i, h; cannot overlagf;, and furthermoréh;| < |f;| (unlessf; = 0). Therefore, when one sums
fi into h, one can skip the firgt— 1 components of. without sacrificing the nonoverlapping and increasing
properties ofh. Similarly, if e and f are each nonadjacent, one can skip the firstl components of
without sacrificing the nonadjacent propertyhof

No difficulty ensues iff; is a spurious zero component, because zero does not overlap any number.
GROW-EXPANSION will deposit a zero ak; and continue normally. [ ]

Unlike EXPANSION-SUM, FAST-EXPANSION-SUM does not preserve the nonoverlapping or nonadja-
cent properties, but it is guaranteed to produce a strongly nonoverlapping output if its inputs are strongly
nonoverlapping. An expansion strongly nonoverlapping no two of its components are overlapping, no
component is adjacent to two other components, and any pair of adjacent components have the property
that both components can be expressed with a one-bit significand (that is, both are powers of two). For
instance,11000 + 11 and 10000 + 1000 4 10 + 1 are both strongly nonoverlapping, bLit100 + 11 is
not, nor is100 + 10 + 1. A characteristic of this property is that a zero bit must occur in the expansion at
least once every + 1 bits. For instance, in four-bit arithmetic, a strongly nonoverlapping expansion whose
largest component i$111 can be no greater tharn11.01111011110.... Any nonadjacent expansion is
strongly nonoverlapping, and any strongly nonoverlapping expansion is nonoverlapping, but the converse
implications do not apply. Recall that any floating-point value has a nonadjacent expansion; hence, any
floating-point value has a strongly nonoverlapping expansion. For exafidle,l may be expressed as
10000 + —0.1.



Arbitrary Precision Floating-Point Arithmetic 163

g5 g4 gs g2 g1
Qs Two Qs Two Qs Two Q2 ?AST
‘ < < < WO
Sum Sum Sum SUM
h5 h4 h3 h2 hl

Figure 6.9:Operation of FAST-EXPANSION-SUM. The Q; terms maintain an approximate running total.

Under the assumption that all expansions are strongly nonoverlapping, it is possible to prove the first
key result of this chapter: theaABT-EXPANSION-SUM algorithm defined below behaves correctly under
round-to-even tiebreaking. The algorithm can also be used with round-toward-zero arithmetic, but the proof
is different. | have emphasized round-to-even arithmetic here due to the IEEE 754 standard.

A variant of this algorithm was presented by Priest [76], but it is used differently here. Priest uses the
algorithm to sum two nonoverlapping expansions, and proves under general conditions that the components
of the resulting expansion overlap by at most one digit (i.e. one bit in binary arithmetic). An expensive
renormalization step is required afterward to remove the overlap. Here, by contrast, the algorithm is used
to sum two strongly nonoverlapping expansions, and the result is also a strongly nonoverlapping expansion.
Not surprisingly, the proof demands more stringent conditions than Priest requires: binary arithmetic with
exact rounding and round-to-even tiebreaking, consonant with the IEEE 754 standard. No renormalization
is needed.

Theorem 48 Lete = > ", e; and f = Y 7', f; be strongly nonoverlapping expansionsmefand n p-bit
components, respectively, where> 4. Suppose that the components of bo#nd f are sorted in order of
increasing magnitude, except that any of ¢her f; may be zero. On a machine whose arithmetic uses the
round-to-even rule, the following algorithm will produce a strongly nonoverlapping expanssuch that

h = Y™ h; = e + f, where the components bfare also in order of increasing magnitude, except that
any of theh; may be zero.

FAST-EXPANSION-SUM (e, f)
1 Mergee and f into a single sequengg in order of
nondecreasing magnitude (possibly with interspersed zeros)
(Q2,h1) < FAST-TWO-SUM (g2, g1)
fori<3tom+n
(Qi hi—1) <= TWO-SUM(Qi-1, i)
hm+n ~ Qm+n
6 return h

a b~ wnN

Q); is an approximate sum of the firstomponents of; see Figure 6.9.

Several lemmata will aid the proof of Theorem 48. | begin with a proof that the sum itself is correct.
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Lemma 49 (Q Invariant) At the end of each iteration of thler loop, the invariantQ); + Eé-;ll h; =
Zj-zlgj holds. This assures us that after Line 5 is execu@éﬂjl” hj = Z;”jl" gj, so the algorithm

produces a correct sum.

Proof: The invariant clearly holds far = 2 after Line 2 is executed. For larger valuesipkine 4 ensures
that@Q; + h; 1 = Q;_1 + g;; the invariant follows by induction. ]

Lemma 50 Letg = Zle gj be a series formed by merging two strongly nonoverlapping expansions, or a
subseries thereof. Suppose thais the largest component and has a nonzero bit of magntudesmaller
for some integet. Then| -5_, g;| < 2¢(2P*! — 1), and| 35—} ;| < 2(20).

Proof. Lete and f be the expansions (or subsequences thereof) from whigds formed, and assume that
the componeng;, comes from the expansian Becausgy,, is the largest component &fand has a nonzero
bit of magnitude2’ or smaller, and becauseis strongly nonoverlappingg| is less thar?(2P — %). (For
instance, ifp = 4 and: = 0, then|é| < 1111.0111101111....) The same bound applies to the expangion
solg| = [e+ f] < 21(20t! — 1),

If we omit g, from the sum, there are two cases to considef I= 2¢, then|e — gi| is less thar2?,
and|f| is less thar2i(2). (For instance, i) = 4, i = 0, andgy, = 1, then|é — g;| < 0.10111101111.. .,
and|f| < 1.10111101111....) Conversely, ifj; # 2, then|e — gi| is less thar2’(1), and|f] is less
than2?(2P — %). (For instance, ip = 4,7 = 0, andg, = 1111, then|e — gx| < 0.0111101111..., and
|f| < 1111.0111101111....) In either caselg — gx| = | — gk + f| < 24(2P). [ |

Lemma 51 The expansior produced byFAST-EXPANSION-SUM is a nonoverlapping expansion whose
components are in order of increasing magnitude (excepting zeros).

Proof: Suppose for the sake of contradiction that two successive nonzero componktgedfp or occur
in order of decreasing magnitude. Denote the first such pair protiuged andh;; then the components
hi,...,h;—; are nonoverlapping and increasing (excepting zeros).

Assume without loss of generality that the exponent.of; is zero, so thath; ; is of the form#1.x,
where an asterisk represents a sequence of arbitrary bits.

Q; andh;_, are produced by awo-Sum or FAST-Two-Sum operation, and are therefore nonadjacent
by Corollary 44 (because the round-to-even rule is us@gl)s therefore of the form: x 00 (having no bits
of magnitude smaller than four). Becayag ;| > 1, Corollary 43(a) guarantees that

Qi + hi_1| > 2P + 1. (6.1)

Because the offending componeiits ; and h; are nonzero and either overlapping or of decreasing
magnitude, there must be at least one nonzero bit in the significahgdwlfiose magnitude is no greater
than one. One may ask, where does this offending bit come frlon® computed by Line 4 frond); and
gi+1, and the offending bit cannot come fra) (which is of the form+ x 00), so it must have come from
gi+1. Hence,|g;11| has a nonzero bit of magnitude one or smaller. Applying Lemma 50, one finds that

| Z;:l g]| < 2P

%1t is implicitly assumed here that the first offending pair is not separated by intervening zeros. The proof could be written to
consider the case where intervening zeros appear, but this would make it even more convoluted. Trust me.
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Figure 6.10:Demonstration (for p = 4) of how the Q Invariant is used in the proof that & is nonoverlapping.
The top two values, e and f, are being summed to form h. Because g¢;+1 has a nonzero bit of magnitude
no greater than 1, and because g is formed by merging two strongly nonoverlapping expansions, the sum
|35 g3l + |E;;21 h;| can be no larger than illustrated in this worst-case example. As a result, |Q; + hi_1]
cannot be large enough to have a roundoff error of 1, so |h;_;]| is smaller than 1 and cannot overlap g;.
(Note that g;,1 is not part of the sum; it appears above in a box drawn as a placeholder that bounds the
value of each expansion.)

A bound fory"’—7 h; can be derived by recalling thag_; is of the form=1.x, andhy, ..., h;_ are
nonoverlapping and increasing. Henpgé-j hj| < 1.
Rewrite the Q Invariant in the for; + h;_1 = >-5_, g; — >-}3 h;. Using the bounds derived above,

we obtain
Qi + hi1] < 2P + 1. (6.2)

See Figure 6.10 for a concrete example.
Inequalities 6.1 and 6.2 cannot hold simultaneously. The result follows by contradiction. ]

Proof of Theorem 48: Lemma 49 ensures that= e + f. Lemma 51 eliminates the possibility that the
components ok overlap or fail to occur in order of increasing magnitude; it remains only to provée:tisat
strongly nonoverlapping. Suppose that two successive nonzero compbnenésdh; are adjacent.

Assume without loss of generality that the exponenk.of; is zero, so thab;_ is of the form=+1.x.
As in the proof of Lemma 51(); must have the form: x 00.

Becausé; 1 andh; are adjacent, the least significant nonzero bfi,dias magnitude two; that ig; is
of the form=+ x 10. Again we ask, where does this bit come from? As before, this bit cannot comeJ)rom
so it must have come from 1. Hence,|g; 11| has a nonzero bit of magnitude two. Applying Lemma 50,
we find that| 51} g;] < 2742 — 2.and| X5, g;] < 21

Bounds forzé;ll Iy andzé-j1 h; can also be derived by recalling thiat_; is of the form+1.x and is
the largest component of a nonoverlapping expansion. HedgE, | h;| < 2, and| 3523 hy| < 1.

Rewriting the Q Invariant in the form@; 1 + hi = Y7} g; — Y7} hj, we obtain
1Qiy1 + hi| < 2PF2. (6.3)
The Q Invariant also gives us the identiy + h;_1 = 35, g; — >/—3 h;. Hence,
Qi + hi 1| < 2PF1 4 1. (6.4)

Recall that the valuéh;| is at least2. Consider the possibility thgh;| might be greater tha@; by
Corollary 43(b), this can occur only j); 1 + h;| > 2P*2 + 2, contradicting Inequality 6.3. Hencg;|
must be exactly2, and is expressible in one bit. (Figure 6.11 gives an example where this occurs.)
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ey = 11110 e; =0.1
f3 =1x27 fo=11110 f1=0.1
Q5‘ Two |, Q4 Two |, @s Two |, @ %ng
SuM [ 196 | SUM [ 100000 | SUM 1 SUM
hs = 1.1 x 27
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Figure 6.11:A four-bit example where FAST-EXPANSION-SUM generates two adjacent components hs and
h3. The figure permits me a stab at explaining the (admittedly thin) intuition behind Theorem 48: suppose
ho is of the form +1.x. Because h- is the roundoff term associated with )5, @3 must be of the form %00 if
round-to-even arithmetic is used. Hence, the bit of magnitude 2 in A3 must have come from e,. This implies
that |ex| is no larger than 11110, which imposes bounds on how large |Qs| and |@Q4] can be (Lemma 50);
these bounds in turn imply that |h-| can be no larger than 1, and |h3| can be no larger than 10. Furthermore,
h4 cannot be adjacent to h3 because neither Q4 nor f3 can have a bit of magnitude 4.

Similarly, the valugh,;_,| is at leastl. Consider the possibility that;_;| might be greater thah; by
Corollary 43(b), this can occur only j€); + h; 1| > 2P*! + 1, contradicting Inequality 6.4. Hencg,; 1|
must be exactlyt, and is expressible in one bit.

By Corollary 43(a),Q; + hi—1| > 2P + 1 (becauséh;_1| = 1). Using this inequality, the inequality
|Z§;21 hj| < 1, and the Q Invariant, one can deduce tjhEtj-:1 gj| > 2P. Becausgy is formed from two
nonoverlapping increasing expansions, this inequality implies|ghiat 272 > 100 binary (recalling that
p > 4), and hence; 2, gi+3, - .. must all be of the formt x 000 (having no bits of magnitude smaller than
8). Qi1 is also of the formt 000, becausé); .1 andh,; are produced by aWwo-Sum or FAST-TWO-Sum
operation, and are therefore nonadjacent by Corollary 44 (assuming the round-to-even rule is used).

Because); 1 andg;i2,g;it3,... are of the form+ x 000, h;41,hito,... must be as well, and are
therefore not adjacent tg. It follows thath cannot contain three consecutive adjacent components.

These arguments prove that if two components afe adjacent, both are expressible in one bit, and no
other components are adjacent to them. Hehgs strongly nonoverlapping. [ |

The proof of Theorem 48 is more complex than one would like. It is unfortunate that the proof requires
strongly nonoverlapping expansions; it would be more parsimoniousSTHEXPANSION-SUM produced
nonoverlapping output from nonoverlapping input, or nonadjacent output from nonadjacent input. Unfortu-
nately, it does neither. For a counterexample to the former possibility, consider adding the nonoverlapping
expansion 1110000+ 111140.1111 to itself in four-bit arithmetic. (This example produces an overlapping
expansion if one uses the round-to-even rule, but not if one uses the round-toward-zero rule.) For a coun-
terexample to the latter possibility, see Figure 6.11. On a personal note, it took me quite a bit of effort to find
a property between nonoverlapping and nonadjacent that is preservedEKPANSION-SUM. Several
conjectures were laboriously examined and discarded before | converged on the strongly nonoverlapping
property. | persisted only because the algorithm consistently works in practice.
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It is also unfortunate that the proof requires explicit consideration of the tiebreaking ruleT- F
EXPANSION-SUM works just as well on a machine that uses the round-toward-zero rule. The conditions
under which it works are also simpler—the output expansion is guaranteed to be nonoverlapping if the in-
put expansions are. One might hope to prove the# TFEXPANSION-SUM works regardless of rounding
mode, but this is not possible. Appendix B demonstrates the difficulty with an example of how mixing
round-toward-zero and round-to-even arithmetic can lead to the creation of overlapping expansions.

The algorithms EPANSION-SUM and FAST-EXPANSION-SUM can be mixed only to a limited degree.
EXPANSION-SUM preserves the nonoverlapping and nonadjacent properties, but not the strongly nonover-
lapping property; EST-EXPANSION-SUM preserves only the strongly nonoverlapping property. Because
nonadjacent expansions are strongly nonoverlapping, and strongly nonoverlapping expansions are honover-
lapping, expansions produced exclusively by one of the two algorithms can be fed as input to the other, but it
may be dangerous to repeatedly switch back and forth between the two algorithms. In pragtices o N-

SuMm is only preferred for producing small expansions, which are nonadjacent and hence suitable as input
to FAST-EXPANSION-SUM.

It is useful to consider the operation counts of the algorithmspARSION-SUM usesmn TwWO-SuM
operations, for a total ddmn flops (floating-point operations). AST-EXPANSION-SUM usesm + n — 2
Two-SuM operations and oneABT-TwO-SuM operation, for a total ofm + 6n — 9 flops. However, the
merge step of kST-EXPANSION-SUM requiresn+n—1 comparison operations of the forni fe;| > | f;|".
Empirically, each such comparison seems to take roughly as long as three flops; hence, a rough measure is

to estimate that A&ST-EXPANSION-SUM takes as long to execute @ + 9n — 12 flops.

These estimates correlate well with the measured performance of the algorithms. | implemented each
procedure as a function call whose parameters are variable-length expansions stored as arrays, and measured
them on a DEC Alpha-based workstation using the bundled compiler with optimization level 3. By plotting
their performance over a variety of expansion sizes and fitting curves, | found XiFaiNEION-SUM runs
in 0.83(m + n) — 0.7 microseconds, andAST-EXPANSION-SUM runs in0.54mn + 0.6 microseconds.
FAST-EXPANSION-SUM is always faster except when one of the expansions has only one component, in
which case ®ow-EXPANSION should be used.

As | have mentioned, however, the balance shifts when expansion lengths are small and fixed. By storing
small, fixed-length expansions as scalar variables rather than arrays, one can unroll the lo@pVisI &N-
Sum, remove array indexing overhead, and allow components to be allocated to registers by the compiler.
Thus, EXPANSION-SUM is attractive in this special case, and is used to advantage in my implementation of
the geometric predicates of Section 6.5. Note theg TFEXPANSION-SUM is difficult to unroll because of
the conditionals in its initial merging step.

On the other hand, the use of arrays to store expansions (and non-unrolled loops to manage them) con-
fers the advantage that spurious zero components can easily be eliminated from output expansions. In the
procedures Gow-EXPANSION, EXPANSION-SUM, and FAST-EXPANSION-SUM, as well as the procedures
SCALE-EXPANSION and GOMPRESSIN the sections to comeegro eliminatiorcan be achieved by maintain-
ing a separate index for the output arfaynd advancing this index only when the procedure produces a
nonzero component df. In practice, versions of these algorithms that eliminate zeros are almost always
preferable to versions that don’t (except when loop unrolling confers a greater advantage). Zero elimination
adds a small amount of overhead for testing and indexing, but the lost time is virtually always regained when
further operations are performed on the resulting shortened expansions.

Experience suggests that it is economical to use unrolled versionsraiNSION-SUM to form expan-
sions of up to about four components, tolerating interspersed zeros, and ISEXPANSION-SUM with
zero elimination when forming (potentially) larger expansions.
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6.3.5 Simple Multiplication

The basic multiplication algorithm computes a nonoverlapping expansion equal to the productpelbitwo
values. The multiplication is performed by splitting each value into two halves with half the precision, then
performing four exact multiplications on these fragments. The trick is to find a way to split a floating-point
value in two. The following theorem was first proven by Dekker [26]:

Theorem 52 Let a be ap-bit floating-point number, wherg > 3. Choose asplitting points such that
£ < s < p— 1. Then the following algorithm will produce @ — s)-bit valueapj and a nonoverlapping
(s — 1)-bit valuea)y such thatap;| > |ajg| anda = apj + g|q-

SPLIT(a, s)

1 c=(2+1)®a
2 apjg <= cOa

3 GhHj <= €O Ahig
4 alg < a O apj

5 return (ap;, ajg)

The claim may seem absurd. After all,; anda), have onlyp — 1 bits of significand between them;
how can they carry all the information ofzabit significand? The secret is hidden in the sign bitgf.
For instance, the seven-bit numbdgi01001 can be split into the three-bit term®10000 and —111. This
property is fortunate, because eveniis odd, as it is in IEEE 754 double precision arithmetigan be
splitinto two | £ |-bit values.

Proof: Line 1 is equivalent to computing’a @ a. (Clearly,2°a can be expressed exactly, because multi-
plying a value by a power of two only changes its exponent, and does not change its significand.) Line 1 is
subject to rounding, so we have= 2°a + a + err(2°a & a).

Line 2 is also subject to rounding, 8g;q = 2°a + erf(2°a ® a) + err(c © a). It will become apparent
shortly that the proof relies on showing that the exponerttt% is no greater than the exponent 25t.

Both|err(2*a @ a)| and|err(c © a)| are bounded byulp(c), so the exponent afy,;; can only be larger than
that of 2%a if every bit of the significand o& is nonzero except possibly the last (in four-bit arithmetic,
must have significandi110 or 1111). By manually checking the behavior oPST in these two cases, one
can verify that the exponent QBig is never larger than that @fa.

The reason this fact is useful is because, with Line 2, it implies|érgc © a)| < Lulp(2°a), and so the
error term erfc © a) is expressible i — 1 bits (fors > 2).

By Lemma 40, Lines 3 and 4 are calculated exactly. It follows that= a — err(c © a), anda)g =
er(c © a); the latter is expressible i— 1 bits. To show that; is expressible ip — s bits, consider that
its least significant bit cannot be smaller than(uhgg) = 2°ulp(a). If ap; has the same exponent @s
thenap; must be expressible im — s bits; alternatively, ifa,; has an exponent one greater than thad of
(becauses — err(c © a) has a larger exponent thaj, thenap,; is expressible in one bit (as demonstrated in
Figure 6.12).

Finally, the exactness of Line 4 implies that= ap; + a|g as required. u

Multiplication is performed by setting = [£7], so that thep-bit operands: andb are each split into
two | £]-bit pieces,apj, ajg, bpj, @andbjg. The productsipibpi, ajobhi» ¢hiblo, @ndajgbg can each be
computed exactly by the floating-point unit, producing four values. These could then be summed using the
FAST-EXPANSION-SUM procedure in Section 6.3.4. However, Dekker [26] provides several faster ways to
accomplish the computation. Dekker attributes the following method to G. W. Veltkamp.
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a = 11 1 01
20 = 1 1101 x 23

¢c = (2°41)®a =1 0 0 0 0 x24

a = 1 1 1 01
apig = coa = 1110 x 23
apj =  cOapjg = 100 0 O x 21
alg = a@ahi = — 1 1

Figure 6.12:Demonstration of SPLIT splitting a five-bit number into two two-bit numbers.

a = 1 11011
b = 1 11011
T = a®b = 110110 x 26
apj ® bpj = 110001 x 26
erri = zO(ap®bp) = 101000 x 23
alo ® bpi = 101010 x 22
erro = err1 © (a)g @bpj) = 100 110 x 22
api ® blg = 101010 x 22
erry = erra© (apj @ bg) = — 10 0 0
ajp ® bl = 1 001
-y = err30 (ag®bg) = — 1 10 0 1

Figure 6.13:Demonstration of Two-PRODUCT in six-bit arithmetic where a = b = 111011, apy; = bpj =
111000, and aj5 = by = 11. Note that each intermediate result is expressible in six bits. The resulting
expansion is 110110 x 2% 4+ 11001.

Theorem 53 Leta and b be p-bit floating-point numbers, whege > 6. Then the following algorithm will
produce a nonoverlapping expansiort- y such thateb = x + y, wherex is an approximation tab and
y represents the roundoff error in the calculationzofFurthermore, if round-to-even tiebreaking is used,
andy are nonadjacent. (See Figure 6.13.)

Two-PRODUCT(a, b)

TE=a®b

(api>alg) = SPLIT(a, [5])
(bhi> blo) = SPLIT(b, [5])
erry <= x © (apj ® bpj)
erry <= erry © (ag ® bpj)
errs <= erre © (ap; ® big)
Y <= (ajg ® bg) © err3
return (z,y)

00O~NO O WNPE
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Proof: Line 1 is subject to rounding, so we have= ab+ err(a ®b). The multiplications in Lines 4 through
7 are all exact, because each factor has no more|thhbits; it will be proven that each of the subtractions
is also exact, and thus= —err(a ® b).

Without loss of generality, assume that the exponentsasfdb arep — 1, so thatja| and|b| are integers
in the rangg2P—!, 2P —1]. In the proof of Theorem 52 it emerged thag;| and|by,;| are integers in the range
[2p=1,27], and|a;g| and|bj,| are integers in the rande, 27/21-1]. From these ranges and the assumption
thatp > 6, one can derive the inequalitiésy| < zlapil, [bjo] < %lbkil, and erfa ® b) < 2°71 <
33/ hibhil

Intuitively, ap;bp; ought to be within a factor of two of ® b, so that Line 4 is computed exactly (by
Lemma 40). To confirm this hunch, note that ab + err(a ® b) = apibhi + 2obhi + ¢hiblo + %oblo +
er(a ® b) = apibni £ &7 |anibpil (Using the inequalities stated above), which justifies the use of Lemma 40.
Because Line 4 is computed without roundeffr; = ajgbpj + apiblo + agblo + €Ma ® b).

We are assured that Line 5 is executed without roundoff error if the vatte— a|gbpi = apjbig +
ajgblo + €rrla @ b) is expressible i bits. | prove that this property holds by showing that the left-hand
expression is a multiple &?/21, and the right-hand expression is strictly smaller thg#/2!.

The upper bound on the absolute value of the right-hand expression follows immediately from the upper
bounds forapj, a|g, bjg, and erfa ® b). To show that the left-hand expression is a multiple2@r2!,
consider thatrr; must be a multiple 02?~! because: ® b andap;bpj have exponents of at leag — 2.
Henceerr; — ajobpj must be a multiple o2'?/2! becauseyg is an integer, andy,; is a multiple of2/?/21.

Hence, Line 5 is computed exactly, aner = apib|g + a|gb|g + €Ma ® b).

To show that Line 6 is computed without roundoff error, note thgb|, is an integer no greater than
2r—1 (becausey andbq are integers no greater thaft/21-1), and erfa ® b) is an integer no greater than
2P~1. Thus,errs = agbjg + €fM(a ® b) is an integer no greater thaf, and is expressible in bits.

Finally, Line 7 is exact simply becauge= —err(a ® b) can be expressed jnbits. Henceab = x + y.

If round-to-even tiebreaking is usetdandy are nonadjacent by analogy to Corollary 44. [ ]

6.3.6 Expansion Scaling

The following algorithm, which multiplies an expansion by a floating-point value, is the second key new
result of this chapter.

Theorem 54 Lete = Y1, e; be a nonoverlapping expansion af p-bit components, and létbe ap-bit
value wherep > 4. Suppose that the components:@fre sorted in order of increasing magnitude, except
that any of thee; may be zero. Then the following algorithm will produce a nonoverlapping expanhsion
such thath = S°?™ h; = be, where the components hfare also in order of increasing magnitude, except
that any of theh; may be zero. Furthermore, dfis nonadjacent and round-to-even tiebreaking is used, then
h is nonadjacent.
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€4 €3 €9 €1
Two Two Two Two
Prop [* 0 Prop [0 Prop [* 0 Prop [* 0
V'T4 Y t4 V7T3 Y t3 V'TZ Y t2
Qs| FAST (Q7 Qs| FAST |Q5 Q4| FAST |Qs Q2
lﬁ Sum Sum Sum
hs  hz he hs hy h3 ha hy

Figure 6.14:0Operation of SCALE-EXPANSION.

SCALE-EXPANSION(e, b)

(Q2,h1) < Two-PRODUCT(ey, b)

for i < 2tom
(T}, t;) < Two-PrODUCT(e;, b)
(Q2i—1,h2i—2) <= TWO-SUM(Q2; 2, t;)
(in, hgi_l) < FAST-TWO-SuMm (Tz, Qgi_l)

th <~ QZm

7 return h

OOk, WNPR

As illustrated in Figure 6.14, SALE-EXPANSION multiplies each component efby b and sums the
results. It should be apparent why the final expangiagthe desired product, but it is not so obvious why
the components df are guaranteed to be nonoverlapping and in increasing order. Two lemmata will aid the
proof.

Lemma 55 Lete; ande; be two nonoverlapping nonzero components, afithi < j and |e;| < |e;|. Let

T; be a correctly rounded approximation ¢gh, and letT; + t; be a two-component expansion exactly equal
to e;b. (Such an expansion is produced by Line 3, but here is defined alsofar.) Thent; is too small

in magnitude to overlap the double-width proda¢h. Furthermore, ife; ande; are nonadjacent, thet) is

not adjacent ta;b.

Proof. By scalinge andb by appropriate powers &f (thereby shifting their exponents without changing
their significands), one may assume without loss of generalityethandb are integers with magnitude less
than2?, and thate;| < 1 (and hence a radix point falls betweenande;).

It follows thate;b is an integer, ange;b| < 2P. The latter fact and exact rounding imply that < 1.
Hencee;b andt; do not overlap.

If e; ande; are nonadjacent, scadeso thate; is an integer ande;| < 3. Then|t;| < 1, soe;b andt;
are not adjacent. [ ]

Lemma 56 For some;, letr be the smallest integer such thaf| < 2" (hencee; does not overlap™). Then
|QQZ| < 2r|b|, and thUSIhzi_1| < 27‘71U|p(b).
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Proof: The inequality|@2;| < 27|b| holds fori = 1 after Line 1 is executed even @- is rounded to a
larger magnitude, becaugg b| < 27|b|, and2"|b| is expressible i bits. For larger values af the bound
is proven by induction. Assume that is the smallest integer such thiat ;| < 2%; by the inductive
hypothesis|Qa;—_2| < 2%|b|.

Because:; ande;_; are nonoverlappingg; must be a multiple oR%. Suppose that is the smallest
integer such tha;| < 27; then|e;| < 27 — 2F.

Lines 3, 4, and 5 comput@,;, an approximation o)2;_» + ¢;b, and are subject to roundoff error in
Lines 4 and 5. Suppose th@t; o ande;b have the same sign, thip,; o| has its largest possible value
2%|p|, and thate;| has its largest possible val@e — 2%. For these assignments, roundoff does not occur in
Lines 4 and 5, anfl)q;| = |Q2i—2 + e;b| = 27|b|. Otherwise, roundoff may occur, but the monotonicity of
floating-point multiplication and addition ensures t[@s;| cannot be larger thar |b|.

The inequality|ho; 1| < 27'ulp(b) is guaranteed by exact rounding becalige ; is the roundoff term
associated with the computation@$; in Line 5. [ ]

Proof of Theorem 54: One can prove inductively that at the end of each iteration offdhdoop, the
invariant Qi + Y-57' hj = Y.i_; e;b holds. Certainly this invariant holds far = 1 after Line 1 is
executed. By induction on Lines 3, 4, and 5, one can deduce that the invariant holds for all (relevant values
of) 4. (The use of RsT-TwoO-Sum in Line 5 will be justified shortly.) Thus, after Line 6 is executed,
Y by =030 e

| shall prove that the components bfare nonoverlapping by showing that each time a component of
h is written, that component is smaller than and does not overlap either the accunjutadorany of the
remaining productse(b); hence, the component cannot overlap any portion of their sum. The first claim,
that each componerit; does not overlap the accumulatQy ., is true becausé; is the roundoff error
incurred while computing); ;1.

To show that each component fofis smaller than and does not overlap the remaining products, | shall
considerhy, the remaining odd components/afand the even components/oteparately. The component
h1, computed by Line 1, does not overlap the remaining produgts €sb, . ..) by virtue of Lemma 55.
The even components, which are computed by Line 4, do not overlap the remaining products because, by
application of Lemma 36 to Line 4, a componéiat; | is no larger thant;|, which is bounded in turn by
Lemma 55.

Odd components df, computed by Line 5, do not overlap the remaining products by virtue of Lemma
56, which guarantees th#lio; 1| < 2"~'ulp(b). The remaining products are all multiples Zfulp(b)
(because the remaining componentg afe multiples oR").

If round-to-even tiebreaking is used, the output of ea®dv¥SUM, FAST-TWO-SuM, and Two-PRoO-
DUCT statement is nonadjacent.elfs nonadjacent as well, the arguments above are easily modified to show
thath is nonadjacent.

The use of BST-TwO-SuM in Line 5 is justified becausg;| > |Q9;—1| (except ifT; = 0, in which
case RsT-Two-Sum still works correctly). To see this, recall thatis a multiple of2” (with R defined
as in Lemma 56), and consider two casesjejf = 2 thenT; is computed exactly an¢f = 0, so
IT5| = 2%|b| > |Qai_2| = |Q2i_1]. If |e;] is larger tharR®, it is at least twice as large, and heriEgis at
least2|@2; 2|, so even if roundoff occurs aniglis not zero|T;| > |Q2i—2| + |ti| > |Q2i-1]-

Note that if an input componer; is zero, then two zero output components are produced, and the
accumulator value is unchange@« = Q2;_2). |

The following corollary demonstrates that 8 E-EXPANSION is compatible with BST-EXPANSION-
SuM.
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€i+1 = 28+1 €; = 28
Two Two
Prop [© 0 Prop [0
vLiv1 = 25%1p ylitr = i =2 =

Q2i+2 | FAST | Q2i+1 Q2 | FAST | Q2i—1 Q2i—2
~—— Two [« wo Two < Two

SuM SuUM SUM SuUM
! ! ! !
haiy1 hoi =0 hai—1 haoi—2 =0

Figure 6.15:An adjacent pair of one-bit components in a strongly nonoverlapping input expansion may
cause SCALE-EXPANSION to produce an adjacent pair of one-bit components in the output expansion.

Corollary 57 If e is strongly nonoverlapping and round-to-even tiebreaking is used, thenstrongly
nonoverlapping.

Proof: Becausee is nonoverlappingf is nonoverlapping by Theorem 54. We have also seen that if
is nonadjacent, theh is nonadjacent and hence strongly nonoverlapping;ebatonly guaranteed to be
strongly nonoverlapping, and may deviate from nonadjacency.

Suppose two successive componenande; ;. are adjacent. By the definition of strongly nonoverlap-
ping, e; ande; 1 are both powers of two and are not adjacent;tq or e; . ». Let s be the integer satisfying
e; = 2° ande;, 1 = 2°T!. For these components the multiplication of Line 3 is exactf’se= 2°b,
T = 2511, andt; = ;. = 0. Applying Lemma 36 to Line 4ho;_» = ho; = 0. However, the compo-
nentshq;_1 andhsy;1 may cause difficulty (see Figure 6.15). We knbvs nonoverlapping, but can these
two components be adjacent to their neighbors or each other?

The arguments used in Theorem 54 to prove th& nonadjacent, ik is nonadjacent and round-to-
even tiebreaking is used, can be applied here as well to showkthatandho;, 1 are not adjacent to any
components ok produced before or after them, but they may be adjacent to each other. Assuifng that
andhe;; are adjacent (they cannot be overlapping).

he;+1 i1s computed in Line 5 fronT;; and@»;11. The latter addend is equal €;, because; | = 0.
(22; is not adjacent tdy; 1, because they are produced in Line 5 frompa +Two-SuM operation. Hence,
the least significant nonzero bit 3, ; (that is, the bit that causes it to be adjacerii4o ;) must have come
from T}, 1, which is equal t@**!b. It follows thaths; ;1 is a multiple of25*!ulp(b). Becausee; ;| < 2512,
Lemma 56 implies thathe; 1| < 25 tulp(b). Hence|hg; 1| = 25T ulp(b).

Similarly, becausée;| < 25+, Lemma 56 implies thaty; 1| < 2°ulp(b). The componenta,;,; and
hei—1 can only be adjacent in the cade; 1| = 2°ulp(b). In this case, both components are expressible in
one bit.

Hence, each adjacent pair of one-bit components in the input can give rise to an isolated adjacent pair of
one-bit components in the output, but no other adjacent components may appsarstiongly nonover-
lapping, so igh. ]
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6.3.7 Compression and Approximation

The algorithms for manipulating expansions do not usually express their results in the most compact form.
In addition to the interspersed zero components that have already been mentioned (and are easily elimi-
nated), it is also common to find components that represent only a few bits of an expansion’s value. Such
fragmentation rarely becomes severe, but it can cause the largest component of an expansion to be a poor
approximation of the value of the whole expansion; the largest component may carry as little as one bit of
significance. Such a component may result, for instance, from cancellation during the subtraction of two
nearly equal expansions.

The CompPRESsalgorithm below finds a compact form for an expansion. More importanty€RESS
guarantees that the largest component is a good approximation to the whole expansion. If round-to-even
tiebreaking is used, @WPRESSalso converts honoverlapping expansions into nonadjacent expansions.

Priest [76] presents a more complicated “Renormalization” procedure that compresses optimally. Its
greater running time is rarely justified by the marginal reduction in expansion length, unless there is a need
to put expansions in a canonical form.

Theorem 58 Lete = Y 7", e; be a nonoverlapping expansion of p-bit components, wherev > 3.
Suppose that the components:@lre sorted in order of increasing magnitude, except that any of theay
be zero. Then the following algorithm will produce a nonoverlapping expars{oonadjacent if round-to-
even tiebreaking is used) such thtat= }";", h; = e, where the components are in order of increasing
magnitude. Ifh # 0, none of theh; will be zero. Furthermore, the largest componéntapproximates:
with an error smaller tharulp(hy,).

COMPRES%e)

1 Q<=en

2 bottom <= m

3 for s <= m — 1 downto 1

4 (Q,q) < FAST-TWO-SUM (Q, ¢;)
5 if ¢ # 0then

6 Gbottom < Q

7 bottom < bottom — 1

8 Q<q

9 Gbottom <= Q

10 top<=1

11 for i < bottom +1tom

12 (Q,q) < FAST-TWO-SUM (g;, Q)
13 if ¢ # 0then

14 hiop <= Q

15 top =top+1

16 hip = Q

17  Setn (the length ofh) to top

18 return A

Figure 6.16 illustrates the operation 0b@PRESS For clarity,g andh are presented as two separate
arrays in the ©MPRESSpseudocode, but they can be combined into a single working array without conflict
by replacing every occurrence of *with “ h".
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es €4 €3 €2 €1
| FAST » FAST » FAST »| FAST
Two Two Two Two
Sum Sum Sum Sum
g5 g4 gs g2 g1
Y Y Y Y
FasT FasT FasT FasT
TwWO |« TwWO |« TwWO |« TwWO |«
Sum Sum Sum Sum
h5 h4 h3 h2 hl

Figure 6.16:0peration of COMPRESSwhen no zero-elimination occurs.

Proof Sketch: ComPRESSworks by traversing the expansion from largest to smallest component, then back
from smallest to largest, replacing each adjacent pair with its two-component sum. The first traversal, from
largest to smallest, does most of the compression. The expapsiong,, 1 + - - - + grortom Produced by

Lines 1 through 9 has the property thgt ; < ulp(g;) for all j (and thus successive components overlap

by at most one bit). This fact follows because the outputad=TwoO-Sum in Line 4 has the property that

q < %ulp(Q), and the value of thus produced can only be increased slightly by the subsequent addition of
smaller nonoverlapping components.

The second traversal, from smallest to largest, clips any overlapping bits. The uss®iTwo-
SuMm in Line 12 is justified because the property that; < ulp(g;) guarantees tha® (the sum of the
components that are smaller thgy) is smaller thary;. The expansioth;,, + hiop—1 + -+ + ho + hy
is nonoverlapping (nonadjacent if round-to-even tiebreaking is used) becagserwo-Sum produces
nonoverlapping (nonadjacent) output.

During the second traversal, an approximate total is maintained in the accun@laidre component
hn_1 is produced by the lastAST-Two-Sum operation that produces a roundoff term; this roundoff term
is no greater thaéulp(hn). Hence, the sunf,—; + hp—2 + -+ - + ha + h1| (Where the components af
are nonoverlapping) is less than (), thereforelh — h,,| < ulp(hy,). [ |

To ensure that,, is a good approximation th, only the second traversal is necessary; however, the
first traversal is more effective in reducing the number of components. The fastest way to apprexsnate
to simply sum its components from smallest to largest; by the reasoning used above, the result errs by less
than one ulp. This observation is the basis for @PROXIMATE procedure that is used in the predicates of

Section 6.5.

Theorem 58 is not the strongest statement that can be made abmRESS COMPRESSIs effective
even if the components of the input expansion have a certain limited amount of overlap. Furthermore, the
bound for|h — h,| is not tight. (I conjecture that the largest possible relative error is exhibited by a number
that contains a nonzero bit evepyh bit; observe that + ulp(1) + 1[ulp(1)]?> + --- cannot be further
compressed.) These improvements complicate the proof and are not explored here.
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Distillation is the process of summirigunordered-bit values. Distillation can be performed by the divide-
and-conquer algorithm of Priest [76], which uses any expansion addition algorithm to sum the values in a
tree-like fashion as illustrated in Figure 6.17. Eaebit addend is a leaf of the tree, and each interior node
represents a call to an expansion addition algorithm. xibANSION-SUM is used (and zero elimination is

not), then it does not matter whether the tree is balanced; distillation will take preéilséiy— 1) Two-

SuM operations, regardless of the order in which expansions are combinedsHEXPANSION-SUM is

used, the speed of distillation depends strongly on the balance of the tree. A well-balanced tree will yield
anO(klog k) distillation algorithm, an asymptotic improvement over distilling witRFANSION-SUM. As

| have mentioned, it is usually fastest to use an unroll@@ARSION-SUM to create expansions of length

four, and RST-EXPANSION-SUM with zero elimination to sum these expansions.

To find the product of two expansioasand f, use £ALE-EXPANSION (with zero elimination) to form
the expansionsfi, efs, ..., then sum these using a distillation tree.

Division cannot always, of course, be performed exactly, but it can be performed to arbitrary precision
by an iterative algorithm that employs multiprecision addition and multiplication. Consult Priest [76] for
one such algorithm.

The easiest way to compare two expansions is to subtract one from the other, and test the sign of the
result. An expansion’s sign can be easily tested because of the nonoverlapping property; simply check
the sign of the expansion’s most significant nonzero component. (If zero elimination is employed, check
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the component with the largest index.) A nonoverlapping expansion is equal to zero if and only if all its
components are equal to zero.

6.4 Adaptive Precision Arithmetic

6.4.1 Why Adaptivity?

Exact arithmetic is expensive, and when it can be avoided, it should be. Some applications do not need
exact results, but require the absolute error of a result to fall below some threshold. If this threshold is
known before the computation is performed, it is economical to emaliaptivity by prediction One

writes several procedures, each of which approximates the result with a different degree of precision, and
with a correspondingly different speed. Error bounds are derived for each of these procedures; these bounds
are typically much cheaper to compute than the approximations themselves, except for the least precise
approximation. For any particular input, the application computes the error bounds and uses them to choose
the procedure that will attain the necessary accuracy most cheaply.

Sometimes, however, one cannot determine whether a computation will be accurate enough before it is
done. An example is when one wishes to bound the relative error, rather than the absolute error, of the result.
(A special case is determining the sign of an expression; the result must have relative error less than one.)
The result may prove to be much larger than its error bound, and low precision arithmetic will suffice, or it
may be so close to zero that it is necessary to evaluate it exactly to satisfy the bound on relative error. One
cannot generally know in advance how much precision is needed.

In the context of determinant evaluation for computational geometry, Fortune and Van Wyk [36] suggest
using a floating-point filter. An expression is evaluated approximately in hardware precision arithmetic first.
Forward error analysis determines whether the approximate result can be trusted; if not, an exact result is
computed. If the exact computation is only needed occasionally, the application is slowed only a little.

One might hope to improve this idea further by computing a sequence of increasingly accurate results,
testing each one in turn for accuracy. Alas, whenever an exact result is required, one suffers both the cost
of the exact computation and the additional burden of computing several approximate results in advance.
Fortunately, it is often possible to use intermediate results as stepping stones to more accurate results; work
already done is not discarded but is refined.

6.4.2 Making Arithmetic Adaptive

FAST-TwO-SumMm, Two-SuM, and Two-PRODUCT each have the feature that they can be broken into two
parts: Line 1, which computes an approximate result, and the remaining lines, which calculate the roundoff
error. The latter, more expensive calculation can be delayed until it is needed, if it is ever needed at all. In
this sense, these routines can be madiEptive so that they only produce as much of the result as is needed.

| describe here how to achieve the same effect with more general expressions.

Any expression composed of addition, subtraction, and multiplication operations can be calculated adap-
tively in a manner that defines a natural sequence of intermediate results whose accuracy it is appropriate
to test. Such a sequence is most easily described by considering the tree associated with the expression, as
in Figure 6.18(a). The leaves of this tree represent floating-point operands, and its internal nodes represent
operations. Replace each node whose children are both leaves with the sum wherez; represents the
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Figure 6.18:(a) Formula for the square of the distance between two points a and b. (b) The lowest subex-
pressions in the tree are expressed as the sum of an approximate value and a roundoff error. (c) A simple
incremental adaptive method for evaluating the expression. The approximations A; and A, are generated
and tested in turn. The final expansion A3 is exact. Each 4; includes all terms of size O(ei~!) or larger, and
hence has error no greater than O(e%). (d) Incremental adaptivity taken to an extreme. The three subex-
pression trees Tp, 11, and 1> are themselves calculated adaptively. Each B; incorporates only the terms
needed to reduce its error to O(e?).

approximate value of the subexpression, gntepresents the roundoff error incurred while calculating
as illustrated in Figure 6.18(b). Expand the expression to form a polynomial.

In the expanded expression, the terms containing many occurrengesébles (roundoff errors) are
dominated by terms containing fewer occurrences. As an example, consider the expf@ssiob,)? +
(ay — by)2 (Figure 6.18), which calculates the square of the distance between two points in the plane. Set
ag — by = 1 + y1 anda, — by = x2 + yo2. The resulting expression, expanded in full, is

(22 + 22) + (22191 + 22210) + (v2 + 42). (6.5)

It is significant that eacly; is small relative to its corresponding. Using standard terminology from
forward error analysis [97], the quantigyjlp(l) is called themachine epsilondenotect. Recall that exact
rounding guarantees thiat| < €|z;|; the quantitye bounds theelative errorerr(a ® b) /(a ® b) of any basic



Adaptive Precision Arithmetic 179

floating-point operation. Note that= 27P. In IEEE 754 double precision arithmetic= 27°3; in single
precision,e = 2724,

Expression 6.5 can be divided into three parts, having magnitudés19f O(¢), andO(e?), respec-
tively. Denote these partg), 71, andT;. More generally, for any expression expanded in this manner, let
T; be the sum of all products containingf they variables, so thaf; has magnitud€)(¢’).

One can obtain an approximatioty with error no larger thai¥ (/) by computing exactly the sum of
the firsty terms, T, through7’;_;. The sequencé, Ao, ... of increasingly accurate approximations can be
formed incrementallyA; is the exact sum ofl;_; andT;_,. Members of this sequence are generated and
tested, as illustrated in Figure 6.18(c), until one is sufficiently accurate.

The approximationd; is not the way to achieve an error bound @fe’) with the least amount of
work. For instance, a floating-point calculation (@f; + x3) using no exact arithmetic techniques will
achieve arO(e) error bound, albeit with a larger constant than the error bound foExperimentation has
shown that the fastest adaptive predicates are written by calculating an approximation havingeynd
as quickly as possible, then moving on to the next smaller order of magnitude. Improvements in the constant
prefacing each error bound will make a difference in only a small number of cases. Hence, | will consider
two modifications to the technique just described. The first modification computes each error bound from
the minimum possible number of roundoff terms. This lazy approach is presented here for instructional
purposes, but is not generally the fastest. The second modification | will consider, and the one | recommend
for use, is faster because it spends less time collating small data.

The first maodification is to compute the subexpressiBnsry, andT;, adaptively as well. The method
is the same: replace each bottom-level subexpressi@h @ndT; andTy) with the sum of an approximate
result and an error term, and expdhginto a sum of terms of differing order. An approximatié) having
an error bound of magnitud@(e/) may be found by approximating eaghterm with error©Q(e’). Because
the termT}, has magnitude at mog2(¢*), it need not be approximated with any better relative error than
O(d=F).

Figure 6.18(d) shows that the method is as lazy as possible, in the sense that each approkimesssn
only the roundoff terms needed to obtain@ie’) error bound. (Note that this is true at every level of the
tree. It is apparent in the figure that every roundoff term produced is fed into a different calculation than the
larger term produced with it.) However, the laziest approach is not necessarily the fastest approach. The cost
of this method is unnecessarily large for two reasons. First, recall from Section 6.3.8 HTaEKPANSION-
SuM is most effective when terms are summed in a balanced manner. The additions in Figure 6.18(d) are less
well balanced than those in Figure 6.18(c). Second, and more importantly, there is a good deal of overhead
for keeping track of many small pieces of the sum; the method sacrifices most of the advantages of the
compressed form in which expansions are represented. Figure 6.18(d) does not fully reveal how convoluted
this extreme form of adaptivity can become for larger expressions. In addition to having an unexpectedly
large overhead, this method can be exasperating for the programmer.

The final method for incremental adaptivity | shall present, which is used to derive the geometric predi-
cates in Section 6.5, falls somewhere between the two described above. As in the first method, compute the
sequencel, A, ..., and define alsel, = 0. We have seen that the error bound of each tdrnmay be
improved fromO(e7) to O(e/+1) by (exactly) addindj to it. However, because the magnitudelitself is
O(€), the same effect can be achieved (with a slightly worse constant in the error bound) by corffputing
with floating-point arithmetic and tolerating the roundoff error, rather than compiilieyactly. Hence, an
approximationC; . having anO(e’*!) error bound is computed by summiag and an inexpensiveor-
rectional term which is merely the floating-point approximationdy, as illustrated in Figure 6.19; ,; is
nearly as accurate af;; but takes much less work to compute(lf ; is not sufficiently accurate, then it
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Figure 6.19:An adaptive method of intermediate complexity that is frequently more efficient than the other
two. Each C; achieves an O(e?) error bound by adding an inexpensive correctional term (labeled “ct”) to
Ai—l-

is thrown away, and the exact valueBf is computed and added t; to form A, ;. This scheme reuses
the work done in performing exact calculations, but does not reuse the correctional terms. (In practice, no
speed can be gained by reusing the correctional terms.)

The first value (1) computed by this method is an approximatiorifig if C, is sufficiently accurate,
it is unnecessary to compute thderms, or use any exact arithmetic techniques, at all. (Recall that the
terms are more expensive to compute thanitiberms.) This first test is identical to Fortune and Van Wyk’s
floating-point filter.

This method does more work during each stage of the computation than the first method, but typically
terminates one stage earlier. It is slower when the exact result must be computed, but is faster in applications
that rarely need an exact result. In some cases, it may be desirable to test certain members of both sequences
A and(C for accuracy; the predicates defined in Section 6.5 do so.

All three methods of making expressions adaptive are mechanical and can be automated. An expression
compiler similar to Fortune and Van Wyk's [37], discussed in Section 6.2, would be valuable; it could convert
expressions into code that evaluates these expressions adaptively, with automatically computed error bounds.

The reader may wonder if writing an expression in sum-of-products form isn't inefficient. In ordinary
floating-point arithmetic it often is, but it seems to make little difference when using the exact arithmetic
algorithms of Section 6.3. Indeed, the multiplication operation described in Section 6.3.8 multiplies two
expansions by expanding the product into sum-of-products form.

These ideas are not exclusively applicable to the multiple-component approach to arbitrary precision
arithmetic. They will work with multiple-digit formats as well, though the details differ.
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6.5 Implementation of Geometric Predicates

6.5.1 The Orientation and Incircle Tests

Leta, b, ¢, andd be four points in the plane. Define a procedumIENT2D(a, b, ¢) that returns a positive
value if the pointsz, b, andc are arranged in counterclockwise order, a negative value if the points are in
clockwise order, and zero if the points are collinear. A more common (but less symmetric) interpretation
is that QRIENT2D returns a positive value if lies to the left of the directed lineb; for this purpose the
orientation test is used by many geometric algorithms.

Define also a proceduredCIRCLE(a, b, ¢, d) that returns a positive value df lies inside the oriented
circle abc. By oriented circle | mean the unigue (and possibly degenerate) circle thraygh andc,
with these points occurring in counterclockwise order about the circle. (If these points occur in clockwise
order, NCIRCLE will reverse the sign of its output, as if the circle’s exterior were its interiotCIRCLE
returns zero if and only if all four points lie on a common circle. BotRIENT2D and NCIRCLE have the
symmetry property that interchanging any two of their parameters reverses the sign of their result.

These definitions extend trivially to arbitrary dimensions. For instaneegr3D(a, b, ¢, d) returns a
positive value ifd lies below the oriented plane passing througl, andc. By oriented planel mean that
a, b, andc appear in counterclockwise order when viewed from above the plane. (One can #gfplyaand
rule: orient your left hand with fingers curled to follow the circular sequeme If your thumb points
towardd, ORIENT3D returns a positive value.) To generalize the orientation test to dimensiodalédy
u1,ug, . . ., ug be the unit vectors; QIENT is defined so that ENT(uy, ug, ..., uq,0) = 1.

In any dimension, the orientation and incircle tests may be implemented as matrix determinants. For
three dimensions:

ap ay a,; 1
ORIENT3D(a, b,c,d) = be by b: 1 (6.6)
cx cy ¢ 1
dy dy d, 1
az —dy ay—dy, a,—d,
= | by—dy by—dy b,—d. 6.7)
Cxg—dy cy—dy c,—d,
ag ay a; az+a;+al 1
b by b bbb 1
INSPHERE(a, b, c,d,e) = | ¢; ¢y ¢, c2+ cg +c 1 (6.8)
dy dy d, di+d;+d7 1
ex ey e ert+e +el 1
ay —€p Gy—e€y G, —e; (a;— ez)? + (ay — ey)2 + (a, —e,)?
| bp—ex by—ey by—e, (by—ezx)?+ (by —ey)? + (b, —e,)?
T ol er—er cy—ey co—e, (cp—er)?+ (cy —ey)?+ (e —ey)? (6.9)
T x Yy Yy z z €T x Yy Yy 4 z
dy —ey dy—ey, dy—e, (dy—ep)?+(dy—ey)?+ (d; —e,)?

These formulae generalize to other dimensions in the obvious way. Expressions 6.6 and 6.7 can be shown
to be equivalent by simple algebraic transformations, as can Expressions 6.8 and 6.9 with a little more effort.
These equivalences are unsurprising because one expects the result of any orientation or incircle test not to
change if all the points undergo an identical translation in the plane. Expression 6.7, for instance, follows
from Expression 6.6 by translating each point-by.
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Figure 6.20:Shaded triangles can be translated to the origin without incurring roundoff error (Lemma 40).
In most triangulations, such triangles are the common case.

When computing these determinants using the techniques of Section 6.3, the choice between Expres-
sions 6.6 and 6.7, or between 6.8 and 6.9, is not straightforward. In principle, Expression 6.6 seems prefer-
able because it can only produce a 96-component expansion, whereas Expression 6.7 could produce an
expansion having 192 components. These numbers are somewhat misleading, however, because with zero-
elimination, expansions rarely grow longer than six components in real applications. Nevertheless, Expres-
sion 6.7 takes roughly 25% more time to compute in exact arithmetic, and Expression 6.9 takes about 50%
more time than Expression 6.8. The disparity likely increases in higher dimensions.

Nevertheless, the mechanics of error estimation turn the tide in the other direction. Important as a fast
exact test is, it is equally important to avoid exact tests whenever possible. Expressions 6.7 and 6.9 tend
to have smaller errors (and correspondingly smaller error estimates) because their errors are a function of
the relative coordinates of the points, whereas the errors of Expressions 6.6 and 6.8 are a function of the
absolute coordinates of the points.

In most geometric applications, the points that serve as parameters to geometric tests tend to be close
to each other. Commonly, their absolute coordinates are much larger than the distances between them. By
translating the points so they lie near the origin, working precision is freed for the subsequent calculations.
Hence, the errors and error bounds for Expressions 6.7 and 6.9 are generally much smaller than for Ex-
pressions 6.6 and 6.8. Furthermore, the translation can often be done without roundoff error. Figure 6.20
demonstrates a toy problem: supposel€ENT2D is used to find the orientation of each triangle in a trian-
gulation. Thanks to Lemma 40, any shaded triangle can be translated so that one of its vertices lies at the
origin without roundoff error; the white triangles may or may not suffer from roundoff during such transla-
tion. If the complete triangulation is much larger than the portion illustrated, only a small proportion of the
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triangles (those near a coordinate axis) will suffer roundoff. Because exact translation is the common case,
my adaptive geometric predicates test for and exploit this case.

Once a determinant has been chosen for evaluation, there are several methods to evaluate it. A number of
methods are surveyed by Fortune and Van Wyk [36], and only their conclusion is repeated here. The cheapest
method of evaluating the determinant o &« 5 or smaller matrix seems to be by dynamic programming
applied to cofactor expansion. Evaluate (Ij¢ determinants of a2 x 2 minors of the first two columns,
then the(gl) determinants of alb x 3 minors of the first three columns, and so on. All four of my predicates
use this method.

6.5.2 ORIENT2D

My implementation of @IENT2D computes a sequence of up to four results (labeled A through D) as
illustrated in Figure 6.21. The exact result D may be as long as sixteen components, but zero elimination is
used, so a length of two to six components is more common in practice.

A, B, and C are logical places to test the accuracy of the result before continuing. In most applications,
the majority of calls to @IENT2D will end with the floating-point approximation A, which is computed
without resort to any exact arithmetic techniques. Although the four-component expansion B, like A, has
an error ofO(e), it is an appropriate value to test because B is the exact result if the four subtractions at the
bottom of the expression tree are performed without roundoff error (corresponding to the shaded triangles
in Figure 6.20). Because this is the common casRleQT2D explicitly tests for it; execution continues
only if roundoff occurred during the translation of coordinates and B is smaller than its error bound. The
corrected estimate C has an error bound¢£?). If C is not sufficiently accurate, the exact determinant D
is computed.

There are two unusual features of this test, both of which arise because only the sign of the determinant is
needed. First, the correctional term added to B to form C is not added exactly; insteatROXAMATE
procedure of Section 6.3.7 is used to find an approximatibofB, and the correctional term is added
to B' with the possibility of roundoff error. The consequent errors may be of magnifé@B), which
would normally preclude obtaining an error bound®fe?). However, the sign of the determinant is only
questionable if B is of magnitud®(e), so anO(€?) error bound for C can be established.

The second interesting feature is that, if C is not sufficiently accurate, no more approximations are
computed before computing the exact determinant. To understand why, consider three collineat, ppints
andc; the determinant defined by these points is zero. If a coordinate of one of these points is perturbed by a
single ulp, the determinant typically increaseét@). Hence, one might guess that when a determinant is no
larger thanO(e?), itis probably zero. This intuition seems to hold in practice for all the predicates considered
herein, on both random and “practical” point sets. Determinants that don’t stop with approximation C are
nearly always zero.

The derivation of error bounds for these values is tricky, so an example is given here. The easiest way
to apply forward error analysis to an expression whose value is calculated in floating-point arithmetic is to
express the exact value of each subexpression in terms of the computed value plus an unknown error term
whose magnitude is bounded. For instance, the error incurred by the computation @ b is no larger
thane|z|. Furthermore, the error is smaller thea + b|. Each of these bounds is useful under different
circumstances. If represents the true valuer b, an abbreviated way of expressing these notions is to write
t = z + ¢|z| andt = z + €|t|. Henceforth, this notation will be used as shorthand for the relatierx: + A
for some) that satisfie$A| < e|z| and|A| < et].
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Figure 6.21:Adaptive calculations used by the 2D orientation test. Dashed boxes represent nodes in the
original expression tree.

Let us consider the error bound for A. For each subexpression in the expression tree of the orientation
test, denote its true (exact) valgeand its approximate valug; as follows.

t1 =a, —cg T = a; O Cy
to =by — ¢y T2 = by, O ¢y
T3 = ay O ¢y
Ty =by Oy

3 =ay — ¢y
t4:bx_c:v

From these definitions, it is clear that = z; + €|z |; similar bounds hold fots, ¢35, andt,. Observe

ts = t1t2 T5 = T1 Q T2
te = t3ly T = T3 Q T4
tA:tg,—tG A:$595B6
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Approximation Error bound
A (3e + 16€%) ® (|z5] D |z6])
B’ (26 + 12€?) ® (|z5| @ |76))
C (3e + 8€?) ® |B'| @ (9€2 + 64¢€®) @ (|z5] @ |z6])

Table 6.1: Error bounds for the expansions calculated by ORIENT2D. B’ is a p-bit approximation of the
expansion B, computed by the APPROXIMATE procedure. Note that each coefficient is expressible in p bits.

also thatrs = z1 ® x9 = x129 * €|z5]. It follows that

ts =tito = Ti19 E (26 + 62)|£E1£E2|
= (II5:|:6|(II5|:|:(26+62)(|(L‘5|:i:6|$5|)
= 15+ (3¢ + 3e? + €%)|ws).

Similarly, ts = z6 & (3¢ + 3€2 + €3)|z¢].

It may seem odd to be keeping track of terms smaller &), but the effort to find the smallest
machine-representable coefficient for each error bound is justified if it ever prevents a determinant compu-
tation from becoming more expensive than necessary. An error bound for A can now be derived.

ta=ts —tg = $5—$6ﬂ:(36+362+63)(|$5|+|!L‘6|)
= ALelAl£3e+3€+€)(|zs| + |z6))

One can minimize the effect of the terfA| by taking advantage of the fact that we are only interested in
the sign oft 4. One can conclude with certainty that A has the correct sign if

(1—¢€)|A| > (3e + 3¢ + 63)(|(II5| + |z6]),

which is true if
|A| > (3¢ + 6e2 + 863)(|(II5| + |zg]).

This bound is not directly applicable, because its computation will incur roundoff error. To account for
this, multiply the coefficient by1 + €)? (a factor of(1 + ¢) for the addition ofiz;| and|zs|, and another
such factor for the multiplication). Hence, we are secure that the sign of A is correct if

IA| > (3 4 126? + 24€3) @ (|z5| @ |z6]).

This bound is not directly applicable either, because the coefficient is not expressibhétén Rounding
up to the nexp-bit number, we have the coefficief#te + 16¢2), which should be exactly computed once at
program initialization and reused during each call RIENT2D.

Error bounds for A, B and C are given in Table 6.1. The bound fért&kes advantage of Theorem 58,
which shows that Bapproximates B with relative error less than (Recall from Section 6.3.7 that the
largest component of B might have only one bit of precision.)

These bounds have the pleasing property that they are zero in the common case that all three input
points lie on a horizontal or vertical line. Hence, althougRIENT2D usually resorts to exact arithmetic
when given collinear input points, it only performs the approximate test (A) in the two cases that occur most
commonly in practice.
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Double precision @IENT2D timings in microseconds
Points | Uniform | Geometric| Nearly

Method Random| Random | Collinear
Approximate (6.7) 0.15 0.15 0.16
Exact (6.6) 6.56 6.89 6.31
Exact (6.7) 8.35 8.48 8.13
Exact (6.6), MPFUN 92.85 94.03 84.97
Adaptive A (6.7), approximate 0.28 0.27 0.22
Adaptive B (6.7) 1.89
Adaptive C (6.7) 2.14
Adaptive D (6.7), exact 8.35
LN adaptive (6.7), approximate 0.32 n/a

LN adaptive (6.7), exact n/a 4.43

Table 6.2:Timings for ORIENT2D on a DEC 3000/700 with a 225 MHz Alpha processor. All determinants
use the 2D version of either Expression 6.6 or the more stable Expression 6.7 as indicated. The first
two columns indicate input points generated from a uniform random distribution and a geometric random
distribution. The third column considers two points chosen from one of the random distributions, and a third
point chosen to be approximately collinear to the first two. Timings for the adaptive tests are categorized
according to which result was the last generated. Each timing is an average of 60 or more randomly
generated inputs. For each such input, time was measured by a Unix system call before and after 10,000
iterations of the predicate. Individual timings vary by approximately 10%. Timings of Bailey’s MPFUN
package and Fortune and Van Wyk’s LN package are included for comparison.

Compiler effects affect the implementation oR@NT2D. By separating the calculation of A and the
remaining calculations into two procedures, with the former calling the latter if necessary, | reduced the time
to compute A by 25%, presumably because of improvements in the compiler’s ability to perform register
allocation.

Table 6.2 lists timings for R ENT2D, given random inputs. Observe that the adaptive test, when it
stops at the approximate result A, takes nearly twice as long as the approximate test because of the need to
compute an error bound. The table includes a comparison with Bailey’'s MPFUN [4], chosen because it is
the fastest portable and freely available arbitrary precision package | knowRDEN@2D coded with my
(nonadaptive) algorithms is roughly thirteen times faster thare®@t2D coded with MPFUN.

Also included is a comparison with an orientation predicate for 53-bit integer inputs, created by Fortune
and Van Wyk's LN. The LN-generated orientation predicate is quite fast because it takes advantage of the
fact that it is restricted to bounded integer inputs. My exact tests cost less than twice as much as LN’s; this
seems like a reasonable price to pay for the ability to handle arbitrary exponents in the input.

These timings are not the whole story; LN’s static error estimate is typically much larger than the runtime
error estimate used for adaptive stage A, and LN uses only two stages of adaptivity, so the LN-generated
predicates are slower in some applications, as Section 6.5.4 will demonstrate. It is significant that for 53-bit
integer inputs, the multiple-stage predicates will rarely pass stage B because the initial translation is usually
done without roundoff error; hence, the LN-generatedl ENT2D usually takes more than twice as long to
produce an exact result. It should be emphasized, however, that these are not inherent differences between
LN’s multiple-digit integer approach and my multiple-component floating-point approach; LN could, in
principle, employ the same runtime error estimate and a similar multiple-stage adaptivity scheme.



Implementation of Geometric Predicates 187

Approximation Error bound

A (7e + 56€%) ® (g D ap ® )

B’ (3€ +28€?) ® (g ® ap ® )

C (3¢ + 8€%) ® |B'| @ (26€2 + 288€3) ® (g ® app ® )
ag = |z1|® (lze| @ |27])

= |a. ©6d.| @ (|(bs ©dz) ® (cy ©dy)| & |(by © dy) ® (cz © dy)])

a, = |b;Od:|®(|(cz ©ds) ® (ay ©dy)| D |(cy ©dy) ® (az ©dy)l)
ac = |c;0d| @ (|(az ©ds) @ (by ©dy)| ® |(ay © dy) ® (by © da)])

Table 6.3:Error bounds for the expansions calculated by ORIENT3D.

Double precision @IENT3D timings in microseconds
Points | Uniform | Geometric| Nearly

Method Random| Random | Coplanar
Approximate (6.7) 0.25 0.25 0.25
Exact (6.6) 33.30 38.54 32.90
Exact (6.7) 42.69 48.21 42.41
Exact (6.6), MPFUN 260.51 262.08| 246.64
Adaptive A (6.7), approximate 0.61 0.60 0.62
Adaptive B (6.7) 12.98
Adaptive C (6.7) 15.59
Adaptive D (6.7), exact 27.29
LN adaptive (6.7), approximate  0.85 n/a

LN adaptive (6.7), exact n/a 18.11

Table 6.4:Timings for ORIENT3D on a DEC 3000/700. All determinants are Expression 6.6 or the more
stable Expression 6.7 as indicated. Each timing is an average of 120 or more randomly generated inputs.
For each such input, time was measured by a Unix system call before and after 10,000 iterations of the
predicate. Individual timings vary by approximately 10%.

6.5.3 ORIENT3D, INCIRCLE, and INSPHERE

Figure 6.22 illustrates the implementation oR@NT3D, which is similar to the @IENT2D implementa-
tion. A is the standard floating-point result. B is exact if the subtractions at the bottom of the tree incur no
roundoff. C represents a drop in the error bound fi@fa) to O(e?). D is the exact determinant.

Error bounds for the largest component of each of these expansions are given in Table 6.3, partly in terms
of the variables:y, zg, andz7 in Figure 6.22. The bounds are zero if all four input points share the same
y-, Or z-coordinate, so only the approximate test is needed in the most common instances of coplanarity.

Table 6.4 lists timings for R ENT3D, given random inputs. The error bound for A is expensive to
compute, and increases the amount of time required to perform the approximate test in the adaptive case by
a factor of two and a half. The gap between my exact algorithm and MPFUN is smaller than in the 2D case,
but is still a factor of nearly eight.
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Figure 6.22:Adaptive calculations used by the 3D orientation test. Bold numbers indicate the length of an
expansion. Only part of the expression tree is shown; two of the three cofactors are omitted, but their results
appear as dashed components and expansions.
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Approximation Error bound
A (10€ 4 96€?) @ (g ® vy B )
B’ (4e + 48€?) ® (g ® ap ® )
C (3¢ + 8€¢%) ® |B'| @ (44€2 + 576€3) @ (g D ap ® )
a, = ((6: ©0d.)* ® (ay © dy)Q) ® (|(by © dz) ® (cy © dy)| @ [(by © dy) ® (¢ © da)])
a = ((bzO dm)2 ® (by © dy)2) ® (|(ce © dz) ® (ay © dy)| @ [(cy © dy) ® (az © dy)l)
a = ((z© dm)2 ® (cy © dy)2) ® (|(az © dy) ® (by © dy)| & |(ay © dy) ® (by © dy)])

Table 6.5:Error bounds for the expansions calculated by INCIRCLE. Squares are approximate.

Double precisionNCIRCLE timings in microseconds
Points | Uniform | Geometric| Nearly

Method Random| Random | Cocircular
Approximate (6.9) 0.31 0.28 0.30
Exact (6.8) 71.66 83.01 75.34
Exact (6.9) 91.71 118.30 104.44
Exact (6.8), MPFUN 350.77 343.61 348.55
Adaptive A (6.9), approximate 0.64 0.59 0.64
Adaptive B (6.9) 44.56
Adaptive C (6.9) 48.80
Adaptive D (6.9), exact 78.06
LN adaptive (6.9), approximate 1.33 n/a

LN adaptive (6.9), exact n/a 32.44

Table 6.6:Timings for INCIRCLE on a DEC 3000/700. All determinants are the 2D version of either Expres-
sion 6.8 or the more stable Expression 6.9 as indicated. Each timing is an average of 100 or more randomly
generated inputs, except adaptive stage D. (It is difficult to generate cases that reach stage D.) For each
such input, time was measured by a Unix system call before and after 1,000 iterations of the predicate.
Individual timings vary by approximately 10%.

Oddly, the table reveals that D is calculated more quickly than the exact result is calculated by the non-
adaptive version of R ENT3D. The explanation is probably that D is only computed when the determinant
is zero or very close to zero, hence the lengths of the intermediate expansions are smaller than usual, and the
computation time is less. Furthermore, when some of the point coordinates are translated without roundoff
error, the adaptive predicate ignores branches of the expression tree that evaluate to zero.

INCIRCLE is implemented similarly to @ ENT3D, as the determinants are similar. The corresponding
error bounds appear in Table 6.5, and timings appear in Table 6.6.

Timings for INSPHEREappear in Table 6.7. This implementation differs from the other tests in that, due
to programmer laziness, D is not computed incrementally from B; rather, if C is not accurate enough, D is
computed from scratch. Fortunately, C is usually accurate enough.

The LN exact tests have an advantage of a factor of roughly 2.5 forRICLE and 4 for NSPHERE SO
the cost of handling floating-point operands is greater with the larger expressions. As with the orientation
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Double precision MSPHEREtiMings in microseconds
Points| Uniform | Geometric| Nearly

Method Random| Random | Cospherical
Approximate (6.9) 0.93 0.95 0.93
Exact (6.8) 324.22 378.94 347.16
Exact (6.9) 374.59 480.28 414.13
Exact (6.8), MPFUN 1,017.56| 1,019.89 1,059.87
Adaptive A (6.9), approximate 2.13 2.14 2.14
Adaptive B (6.9) 166.21
Adaptive C (6.9) 171.74
Adaptive D (6.8), exact 463.96
LN adaptive (6.9), approximate 2.35 n/a

LN adaptive (6.9), exact n/a 116.74

Table 6.7: Timings for INSPHERE on a DEC 3000/700. All determinants are Expression 6.8 or the more
stable Expression 6.9 as indicated. Each timing is an average of 25 or more randomly generated inputs,
except adaptive stage D. For each such input, time was measured by a Unix system call before and after
1,000 iterations of the predicate. Individual timings vary by approximately 10%.

tests, this cost is mediated by better error bounds and four-stage adaptivity.

The timings for the exact versions of all four predicates show some sensitivity to the distribution of the
operands; they take 5% to 30% longer to execute with geometrically distributed operands (whose exponents
vary widely) than with uniformly distributed operands. This difference occurs because the intermediate and
final expansions are larger when the operands have broadly distributed exponents. The exact orientation
predicates are cheapest when their inputs are collinear/coplanar, because of the smaller expansions that
result, but this effect does not occur for the exact incircle predicates.

6.5.4 Performance in Two Triangulation Programs

To evaluate the effectiveness of the adaptive tests in applications, | integrated them into Triangle and
Pyramid, and recorded the speeds of 2D divide-and-conquer Delaunay triangulation and 3D incremental
Delaunay tetrahedralization under various conditions. For both 2D and 3D, three types of inputs were
tested: uniform random points, points lying (approximately) on the boundary of a circle or sphere, and a
square or cubic grid of lattice points, tilted so as not to be aligned with the coordinate axes. The latter two
were chosen for their nastiness. The lattices have been tilted using approximate arithmetic, so they are not
perfectly cubical, and the exponents of their coordinates vary enough that LN cannot be used. (I have also
tried perfect lattices with 53-bit integer coordinates, betENT3D and NSPHERENnever pass stage B; the
perturbed lattices are preferred here because they occasionally force the predicates into stage C or D.)

The results for 2D, which appear in Table 6.8, indicate that the four-stage predicates add about 8% to
the total running time for randomly distributed input points, mainly because of the error bound tests. For the
more difficult point sets, the penalty may be as great as 30%. Of course, this penalty applies precisely for
the point sets that are most likely to cause difficulties when exact arithmetic is not available.

The results for 3D, outlined in Table 6.9, are less pleasing. The four-stage predicates add about 35%
to the total running time for randomly distributed input points; for points distributed approximately on the
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2D divide-and-conquer Delaunay triangulation
Uniform | Perimeter| Tilted
Random | of Circle Grid
Input sites 1,000,000| 1,000,000 1,000,000
ORIENT2D calls
Adaptive A, approximate 9,497,314| 6,291,742| 9,318,610
Adaptive B 121,081
Adaptive C 118
Adaptive D, exact 3
Average timeus 0.32 0.38 0.33
LN approximate 9,497,314| 2,112,284 n/a
LN exact 4,179,458 n/a
LN average timeyus 0.35 3.16 n/a
INCIRCLE calls
Adaptive A, approximate 7,596,885| 3,970,796/ 7,201,317
Adaptive B 50,551 176,470
Adaptive C 120 a7
Adaptive D, exact 4
Average timeus 0.65 1.11 1.67
LN approximate 6,077,062 0 n/a
LN exact 1,519,823| 4,021,467 n/a
LN average timeys 7.36 32.78 n/a
Program running time, seconds
Approximate version 57.3 59.9 48.3
Robust version 61.7 64.7 62.2
LN robust version 116.0 214.6 n/a

Table 6.8: Statistics for 2D divide-and-conquer Delaunay triangulation of several point sets. Timings are
accurate to within 10%.

surface of a sphere, the penalty is a factor of eleven. Ominously, however, the penalty for the tilted grid
is uncertain, because the tetrahedralization program using approximate arithmetic failed to terminate. A
debugger revealed that the point location routine was stuck in an infinite loop because a geometric inconsis-
tency had been introduced into the mesh due to roundoff error. Robust arithmetic is not always slower after
all.

In these programs (and likely in any program), three of the four-stage predica&=H@RE being the
exception) are faster than their LN equivalents. This is a surprise, considering that the four-stage predicates
accept 53-bit floating-point inputs whereas the LN-generated predicates are restricted to 53-bit integer in-
puts. However, the integer predicates would probably outperform the floating-point predicates if they were
to adopt the same runtime error estimate and a similar four-stage adaptivity scheme.
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3D incremental Delaunay tetrahedralization
Uniform Surface Tilted
Random | of Sphere Grid
Input sites 10,000 10,000 10,000
ORIENT3D calls
Adaptive A, approximate 2,735,668| 1,935,978| 5,542,567
Adaptive B 602,344
Adaptive C 1,267,423
Adaptive D, exact 28,185
Average timeus 0.72 0.72 4.12
LN approximate 2,735,668 1,935,920 n/a
LN exact 58 n/a
LN average timeyus 0.99 1.00 n/a
INSPHERECalls
Adaptive A, approximate 439,090, 122,273| 3,080,312
Adaptive B 180,383| 267,162
Adaptive C 1,667| 548,063
Adaptive D, exact
Average timeus 2.23 96.45 48.12
LN approximate 438,194| 104,616 n/a
LN exact 896 | 199,707 n/a
LN average timeys 2.50 70.82 n/a
Program running time, seconds
Approximate version 4.3 3.0 00
Robust version 5.8 34.1 108.5
LN robust version 6.5 30.5 n/a

Table 6.9: Statistics for 3D incremental Delaunay tetrahedralization of several point sets. Timings are
accurate to within 10%. The approximate code failed to terminate on the tilted grid input.

6.6 Caveats

Unfortunately, the arbitrary precision arithmetic routines described herein are not universally portable; both
hardware and compilers can prevent them from functioning correctly.

Compilers can interfere by making invalid optimizations based on misconceptions about floating-point
arithmetic. For instance, a clever but incorrect compiler might cause expansion arithmetic algorithms to fail
by deriving the “fact” that,j 4,4, cOmputed by Line 2 of £ST-Two-Sum, is equal tob, and optimizing
the subtraction away. This optimization would be valid if computers stored arbitrary real numbers, but is
incorrect for floating-point numbers. Unfortunately, not all compiler developers are aware of the importance
of maintaining correct floating-point language semantics, but as a whole, they seem to be improving. Gold-
berg [44,83.2.3] presents several related examples of how carefully designed numerical algorithms can be
utterly ruined by incorrect optimizations.

Even floating-point units that use binary arithmetic with exact rounding, including those that conform
to the IEEE 754 standard, can have subtle properties that undermine the assumptions of the algorithms. The
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most common such difficulty is the presence of extended precision internal floating-point registers, such
as those on the Intel 80486 and Pentium processors. While such registers usually improve the stability
of floating-point calculations, they cause the methods described herein for determining the roundoff of an
operation to fail. There are several possible workarounds for this problem. In C, it is possible to designate
a variable as volatile, implying that it must be stored to memory. This ensures that the variable is rounded
to ap-bit significand before it is used in another operation. Forcing intermediate values to be stored to
memory and reloaded can slow down the algorithms significantly, and there is a worse consequence. Even
a volatile variable could bdoubly roundedbeing rounded once to the internal extended precision format,
then rounded again to single or double precision when it is stored to memory. The result after double
rounding is not always the same as it would be if it had been correctly rounded to the final precision, and
Priest [77, page 103] describes a case wherein the roundoff error produced by double rounding may not
be expressible ip bits. This might be alleviated by a more complex (and slower) versiomef-H wo-

SuM. A better solution is to configure one’s processor to round internally to double precision. While most
processors with internal extended precision registers can be thus configured, and most compilers provide
support for manipulating processor control state, such support varies between compilers and is not portable.
Nevertheless, the speed advantage of multiple-component methods makes it well worth the trouble to learn
the right incantation to correctly configure your processor.

The algorithms do work correctly without special treatment on most current Unix workstations. Nev-
ertheless, users should be careful when trying the routines, or moving to a new platform, to ensure that the
underlying assumptions of the method are not violated.

6.7 Conclusions

The algorithms presented herein are simple and fast; looking at Figure 6.9, it is difficult to imagine how ex-
pansions could be summed with fewer operations without special hardware assistance. Two features of these
techniques account for the improvement in speed relative to other techniques, especially for numbers whose
precision is only a few components in length. The first is the relaxation of the usual condition that numbers
be normalized to fixed digit positions. Instead, one enforces the much weaker condition that expansions
be nonoverlapping (or strongly nonoverlapping). Expansions can be summed and the resulting components
made nonoverlapping at a cost of six floating-point operations and one comparison per component. It seems
unlikely that normalization to fixed digit positions can be done so quickly in a portable way on current pro-
cessors. The second feature to which | attribute the improved speed is the fact that most packages require
expensive conversions between ordinary floating-point numbers and the packages’ internal formats. With
the techniques Priest and | describe, no conversions are necessary.

The reader may be misled and attribute the whole difference between my algorithms and MPFUN to
the fact that | store double precision components, while MPFUN stores single precision digits, and imagine
the difference would go away if MPFUN were reimplemented in double precision. Such a belief betrays a
misunderstanding of how MPFUN works. MPFUN uses double precision arithmetic internally, and obtains
exact results by using digits narrow enough that they can be multiplied exactly. Hence, MPFUN'’s half-
precision digits are an integral part of its approach: to calculate exactly by avoiding roundoff error. The
surprise of multiple-component methods is that reasonable speed can be attained by allowing roundoff to
happen, then accounting for it after the fact.

As well as being fast, multiple-component algorithms are also reasonably portable, making no assump-
tions other than that a machine has binary arithmetic with exact rounding (and round-to-even tiebreaking if
FAST-EXPANSION-SUM is to be used instead ofihEAR-EXPANSION-SUM). No representation-dependent
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tricks like bit-masking to extract exponent fields are used. There are still machines that cannot execute these
algorithms correctly, but their numbers seem to be dwindling as the IEEE standard becomes entrenched.

Perhaps the greatest limitation of the multiple-component approach is that while it easily extends the
precision of floating-point numbers, there is no simple way to extend the exponent range without losing
much of the speed. The obvious approach, associating a separate exponent field with each component, is sure
to be too slow. A more promising approach is to express each multiprecision numbaruiseapansion
consisting of digits of very large radix, where each digit is an expansion coupled with an exponent. In this
scheme, the true exponent of a component is the sum of the component’s own exponent and the exponent of
the expansion that contains it. The fast algorithms described in this chapter can be used to add or multiply
individual digits; digits are normalized by standard methods (such as those used by MPFUN). IEEE double
precision values have an exponent range 922 to 1023, so one could multiply digits of radix'*% with
a simple expansion multiplication algorithm, or digits of rad#®°® with a slightly more complicated one
that splits each digit in half before multiplying.

The C code | have made publicly available might form the beginning of an extensive library of arithmetic
routines similar to MPFUN, but a great deal of work remains to be done. In addition to the problem of
expanding the exponent range, there is one problem that is particular to the multiple-component approach:
it is not possible to use FFT-based multiplication algorithms without first renormalizing each expansion
to a multiple-digit form. This normalization is not difficult to do, but it costs time and puts the multiple-
component method at a disadvantage relative to methods that keep numbers in digit form as a matter of
course.

As Priest points out, multiple-component algorithms can be used to implement extended (but finite)
precision arithmetic as well as exact arithmetic; simply compress and then truncate each result to a fixed
number of components. Perhaps the greatest potential of these algorithms lies not with arbitrary precision
libraries, but in providing a fast and simple way to extend slightly the precision of critical variables in numer-
ical algorithms. Hence, it would not be difficult to provide a routine that quickly computes the intersection
point of two segments with double precision endpoints, correctly rounded to a double precision result. If an
algorithm can be made significantly more stable by using double or quadruple precision for a few key val-
ues, it may save a researcher from spending a great deal of time devising and analyzing a stabler algorithm;
Priest [77 $5.1] offers several examples. Speed considerations may make it untenable to accomplish this by
calling a standard extended precision library. The techniques Priest and | have developed are simple enough
to be coded directly in numerical algorithms, avoiding function call overhead and conversion costs.

A useful tool in coding such algorithms would be an expression compiler similar to Fortune and Van
Wyk’s LN [37, 36], which converts an expression into exact arithmetic code, complete with error bound
derivation and floating-point filters. Such a tool could also automate the process of breaking an expression
into adaptive stages as described in Section 6.4.

To see how adaptivity can be used for more than just determining the sign of an expression, suppose one
wishes to find, with relative error no greater than 1%, the cehtira circle that passes through the three
pointsa, b, ande. One may use the following expressions.

2 2

Qg — Cg (ax - Cm)Z + (ay - Cy)
by — ¢y (bx - Cx)z + (by - Cy)2
Uy —Cp Gy — Cy
by —cz by —cy

ay — ¢y (az —cz)? + (ay —¢y)
by —cy (bs — cm)2 + (by — cy)2

dy =y — ydy = ¢y +

Gz — Cp Gy — Cy

2 by —cz by —cy

2

The denominator of these fractions is precisely the expression computedaiat2D. The computation
of d is unstable ik, b, andc are nearly collinear; roundoff error in the denominator can dramatically change
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the result, or cause a division by zero. Disaster can be avoided, and the desired error bound enforced, by
computing the denominator with a variant oR@NT2D that accepts an approximation only if its relative
error is roughly half of one percent. A similar adaptive routine could accurately compute the numerators.

It might be fruitful to explore whether the methods described by Clarkson [23] and Avnaim et al. [2] can
be extended by fast multiprecision methods to handle arbitrary double precision floating-point inputs. One
could certainly relax their constraints on the bit complexity of the inputs; for instance, the method of Av-
naim et al. could be made to perform theSPHEREtest on64-bit inputs using expansions of length three.
Unfortunately, it is not obvious how to adapt these integer-based techniques to inputs with wildly differing
exponents. It is also not clear whether such hybrid algorithms would be faster than straightforward adap-
tivity. Nevertheless, Clarkson’s approach looks promising for larger determinants. Although my methods
work well for small determinants, they are unlikely to work well for sizes much larger ihai. Even if
one uses Gaussian elimination rather than cofactor expansion (an important adjustment for matrices larger
thanb x 5), the adaptivity technique does not scale well with determinants, because of the large number of
terms in the expanded polynomial. Clarkson’s technique may be the only economical approach for matrices
larger thanl0 x 10.

Whether or not these issues are resolved in the near future, researchers can make use today of tests
for orientation and incircle in two and three dimensions that are correct, fast in most cases, and applicable
to single or double precision floating-point inputs. | invite working computational geometers to try my
code in their implementations, and hope that it will save them from worrying about robustness so they may
concentrate on geometry.
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Appendix A

Linear-Time Expansion Addition without
Round-to-Even Tiebreaking

Theorem 59 Lete = >/, e; and f = Y| fi; be nonoverlapping expansions @f and n p-bit com-
ponents, respectively, whepe> 3. Suppose that the components of bettnd f are sorted in order of
increasing magnitude, except that any of ¢her f; may be zero. Then the following algorithm will produce
a nonoverlapping expansiol such thath = "1™ h; = e + f, where the components bfare also in
order of increasing magnitude, except that any ofithenay be zero.

LINEAR-EXPANSION-SUM(e, f)
1 Mergee and f into a single sequengg in order of

nondecreasing magnitude (possibly with interspersed zeroes)
2 (Q2,q2) < FAST-TWO-SUM (g2, 91)
3 fori<3tom+n
4 (R;, hi—2) <= FAST-TWO-SUM (g;, ¢i—1)
5 (Qi,qi) = TWO-SUM(Qz;l,RZ')
6 hmin—1 < Gmin
7 hm+n <~ Qm+n
8 return h

Q; + q; is an approximate sum of the firstomponents of; see Figure A.1.

Proof: At the end of each iteration of ther loop, the invariant; + ¢; + Y%7 h; = Y5 g; holds.
Certainly this invariant holds far= 2 after Line 2 is executed. From Lines 4 and 5, we haved&hat ¢; +

hi—9 = Q;_1 + g;_1 + g;; the invariant follows by induction. (The use oAST-TwO-SuM in Line 4 will

be justified shortly.) This assures us that after Lines 6 and 7 are exe@?ﬁf,‘ h; = Z;”jl" gj, so the
algorithm produces a correct sum.

The proof that: is nonoverlapping and increasing relies on the fact that the compongngs@summed
in order from smallest to largest, so the running tQak- ¢; never grows much larger than the next compo-
nent to be summed. Specifically, | prove by induction that the exponept isfat most one greater than the
exponent ofg;,1, and the componentsy, ..., h;_; are nonoverlapping and in order of increasing magni-
tude (excepting zeros). This statement holdsifer2 becauséQs| = |g1 ® g2| < 2|g2| < 2|g3|. To prove
the statement in the general case, assume (for the inductive hypothesis) that the exp@pentsodt most
one greater than the exponentggfand the components,, ..., h; - are nonoverlapping and increasing.
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Figure A.1: Operation of LINEAR-EXPANSION-SUM. @Q; + ¢; maintains an approximate running total. The
FAST-Two-SuMm operations in the bottom row exist to clip a high-order bit off each ¢; term, if necessary,
before outputting it.

gi—1 is the roundoff error of the Wo-Sum operation that produceg;_;, so|g;—1| < %ulp(Qi_l). This
inequality and the inductive hypothesis imply that ;| < ulp(g;), which justifies the use of aAST-Two-
SuMm operation in Line 4. This operation produces the BN+ h;—s| = |g; + gi—1| < (2P + 1)ulp(g;).
Corollary 43(a) implies thgt; _o| < ulp(g;). Becausé:, ..., h;_o are nonoverlapping, we have the bound
| ;_:% hj| < ulp(g;) < ulp(gi+1).

Assume without loss of generality that the exponenyof, is p — 1, so that ulgg; ;) = 1, and
lg1l, lg2], - - -, |gi+1| are bounded belo®?. Becausg is formed by merging two nonoverlapping increasing
expansions| Z§:1 gjl < 2P + 2P—1. Consider, for instance, if;.; = 1000 (in four-bit arithmetic); then
| Zj-zl gj| can be no greater than the sumiéf1.1111... and111.1111....

Substituting these bounds into the invariant given at the beginning of this proof, we®aveq;| <
| Z;;QI hjl + 12521 951 < 2P 4+ 2°~1 4 1, which confirms that the exponent €; is at most one greater
than the exponent af; ;.

To show thath;_ is larger than previous components /of(or is zero) and does not overlap them,
observe from Figure A.1 thdt; ; is formed (for: > 3) by summingg;1, R;, and@; . It can be shown
that all three of these are either equal to zero or too large to ovkylap and hence so is;_;. We have
already seen thab;_2| < ulp(g;), which is bounded in turn by ulg;+1). Itis clear thath;_»| is too small
to overlapR; because both are produced by asFTwo-Sum operation. Finally|h; 2| is too small to
overlap@;_; becauséh;_,| < |g;—1| (applying Lemma 36 to Line 4), arjd;_| < 2ulp(Q;_1).

The foregoing discussion assumes that none of the input components is zero. If anyofsthero,
the corresponding output componént 5 is also zero, and the accumulator valdgandq are unchanged

(Qi = Qi—1, ¢ = gi—1). ]



Appendix B

Why the Tiebreaking Rule is Important

Theorem 48 is complicated by the need to consider the tiebreaking rule. This appendix gives an example that
proves that this complication is necessary to ensure that-EXPANSION-SUM will produce nonoverlap-

ping output. If one’s processor does not use round-to-even tiebreaking, one might use instead an algorithm
that is independent of the tiebreaking rule, such as the sloweAR-EXPANSION-SUM in Appendix A.

Section 6.3.4 gave examples that demonstrate that-EXPANSION-SUM does not preserve the non-
overlapping or nonadjacent properties. The following example demonstrates that, in the absence of any
assumption about the tiebreaking rulesfF-EXPANSION-SUM does not preserve any property that implies
the nonoverlapping property. (As we have seen, the round-to-even rule ensuressthiEPANSION-SUM
preserves the strongly nonoverlapping property.)

For simplicity, assume that four-bit arithmetic is used. Suppose the round-toward-zero rule is initially
in effect. The incompressible expansiai¢ + 28 + 24 + 1 and2!! + 26 + 22 can each be formed by
summing their components with any expansion addition algorithm. Summing these two expanssirs, F
EXPANSION-SUM (with zero elimination) yields the expansidi0l x 2'% + 28 4 26 4 24 4+ 22 4 1.
Similarly, one can form the expansidf01 x 2'0 + 27 + 25 + 23 4 2!, Summing these two in turn yields
1101 x 21 4219411111 x 2°4-24+23 422+ 21 +- 1, which is nonoverlapping but not strongly nonoverlapping.

Switching to the round-to-even rule, suppogesEXPANSION-SUM is used to sum two copies of this
expansion. The resulting “expansion”i$1 x 213 + —21 4+ 210 4 95 4 95 4 21 which contains a
pair of overlapping components. Hence, it is not safe to mix the round-toward-zero and round-to-even rules,
and it is not possible to prove thabh&T-EXPANSION-SUM produces nonoverlapping expansions for any
tiebreaking rule.

Although the expansion above is not nonoverlapping, it is not particularly bad, in the senserthat A
PROXIMATE will nonetheless produce an accurate approximation of the expansion’s value. It can be proven
that, regardless of tiebreaking rulea$T-EXPANSION-SUM preserves what | call thaeakly nonoverlap-
ping property, which allows only a small amount of overlap between components, easily fixed by compres-
sion. (Details are omitted here, but | am quite certain of the result. | produced a proof similar to that of
Theorem 48, and rivalling it in complexity, before | discovered the strongly nonoverlapping property.) |
conjecture that the geometric predicates of Section 6.5 work correctly regardless of tiebreaking rule.
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