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Abstract

Given a subspace X C RY and a finite set S C R4, we in-
troduce the Delaunay simplicial complez, Dx, restricted
by X. Iis simplices are spanned by subsets T C S for
which the common intersection of Voronoi cells meets X
in a non-empty set. By the nerve theorem, | JDx and X
are homotopy equivalent if all such sels are contractible.
This paper shows that | JDx and X are homeomorphic
if the sets can be further subdivided in a certain way so
they form a regular CW complez.

1 Introduction

This paper studies the problem of constructing simpli-
cial complexes that represent or approximate a geomet-
ric object in some finite-dimensional Euclidean space,
R?. We refer to the geometric object as a topological
space or subspace of R9. This problem arises in geo-
metric modeling and finite element analysis, and it is
a special case of the grid generation problem [21]. It
is special because we only consider grids or complexes
made up of simplices. The problem can be divided into
two questions:

How do we choose the points or vertices of the
grid?

How do we connect the vertices using edges,
triangles, and higher-dimensional simplices?
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In this paper we concentrate on the second question.
In particular, given a subspace and a finite point set in
R?, we give an unambiguous rule for constructing a sim-
plicial complex representing the subspace. Topological
properties of this simplicial complex, such as whether
its domain is homotopy equivalent or homeomorphic to
the subspace, can be studied based on local interactions
between the subspace and the Voronoi neighborhoods
of the points. This leads us back to the first question:
additional points can be chosen so they improve the
local interaction patterns. How this can be done in a
concrete, possibly three-dimensional setting ought to be
the subject of future investigations.

Simplicial complexes and triangulations. An
affinely independent point set T C R? defines the sim-
plex o = convT. Its dimension is k = dimeor =
card T — 1, and it is also referred to as a k-simplez. The
points of T' are the wertices of or. A simplicial com-
plex, K, is a finite collection of simplices that satisfies
the following two properties: f or € K and U C T
then oy € K, and if o7, 0v € K then op Noy = oprav.
The first property implies § € K, and the first and
second properties combined imply oy N oy € K. The
vertez set of K is vert K = |, ¢x T, the dimension
is dim K = max,ex dimo, and the underlying space is
Uk = Uae)c o. A subcomplezx of K is a simplicial com-
plex LC K.

A particular simplicial complex defined by a non-
degenerate finite set S C R? is the Delaunay simplicial
complez, D = Dg [6]. It consists of all simplices o7,
T C S, for which there exists an open ball, B, with
SNcB=Tand SN B =10. Given S, D is unique,
dimD = min{d,card S — 1}, and |UD = convS. In
computational geometry, D is usually referred to as the
Delaunay ‘triangulation’ of S {7, 18]. To avoid confu-
sion with the topology notion of a triangulation, which
is adopted in this paper, we choose to call D a simpli-
cial complex. Following the tradition in combinatorial
topology, a triangulation of a topological space X is a
simplicial complex K together with a homeomorphism
between X and | JK [17, 19]. If there exists a simplicial
complex K such that |JX is homeomorphic to X, then
X is triangulable.



QOutline. Our approach to constructing a simplicial
complex that represents a topological space X C R is
based on a finite set S C RY and the Delaunay simplicial
complex of this set, D = Ds. Section 2 introduces the
concept of a Delaunay simplicial complex Dx restricted
by X, which is a subcomplex of D. This concept is a
common generalization of ideas developed by Martinetz
and Schulten [15], Chew [4], and Edelsbrunner [8]. Dx
is defined for every X C R? and every non-degenerate
finite S C R?. If S satisfies the assumptions of the
nerve theorem, see section 2, then | JDx and X are ho-
motopy equivalent. Section 3 presents some topological
concepts and discusses the meaning of non-degeneracy
in detail. Sections 4 and 5 study conditions on S that
guarantee | JDx be homeomorphic to X. An explicit
construction of a homeomorphism is also given. Sec-
tion 6 mentions directions for further research.

2 Restricted Delaunay Simpli-
cial Complexes

Coverings and nerves. Let X C R?¢ be a topological
space and S C RY a finite point set. We assume non-
degenerate position of the points in S, which generically
means that anything vanishing under a slight perturba-
tion of the points is precluded. For example, we require
that T C S be affinely independent if cardT < d + 1,
and that no d + 2 points of S be cospherical. Further
particulars of this assumption will be discussed in sec-
tion 3. The Voronoi cell of p€ S is

V, ={z €R?||pz| < |gz|, ¢ € S},

where |yz| denotes the Euclidean distance between
points y,z € R% The collection of Voronoi cells is
V=Vg={V, | pe S} [22]. The Voronoi cell restricted
to Xof pe Sis V,x = XNV, and the collection of
restricted Voronoi cells is Vx = Vs x = {V, x | p € S}.
For a subset T C S we have corresponding subsets Vp =
{(,IlpeT}CVandVrx = {Vpx | p € T} C Vx.
We will consider their common intersections, [|Vz and
ﬂVT,x =XnN ﬂVT.

A covering of X is a collection C of subsets of X so
that X = |JC. It is a closed (open) covering if each
set in C is closed (open), and it is a finite covering if
C is finite. For a subset D C C consider the common
intersection, (|D. The nerve of a finite covering C is

nerveC:{DQCIﬂD#@}.

We remark that the nerve can be defined for a finite
covering of any abstract set, not just for subsets of R%.
A geometric realization of nerve C is a simplicial com-
plex, K, together with a bijection  between C and the
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vertex set of K, so that D € nerve C iff the simplex
spanned by B(D) is in K.

Observe that the collection of Voronoi cells restricted
to X, Vx, is a finite closed covering of X. The Delaunay
simplicial compler restricted by X, Dx = Dgx, is the
geometric realization of nerve Vx defined by 8(V;) = p,
forallpe S. Thatis, Dx = {o7 | T C S, Vrx #
0}. Note that Dx is a subcomplex of the Delaunay
simplicial complex D = Dga of S. See figure 2.1 for an
example. The nerve theorem of combinatorial topology

(b)

Figure 2.1: (a) The Voronoi cells of ten points decompose
three spaces, X1, Xz, and Xs. (b) The three correspond-
ing Delaunay simplicial complexes consist of an edge, a
cycle of three edges, and two triangles sharing an edge,
respectively.

[2, 13, 23] sheds some light on the relationship between
X, Vx, and Dx. See section 3 for a formal definition of
homotopy equivalence and contractibility.

THEOREM (nerve). Let C be a finite closed covering
of a triangulable space X C R? so that for every
D C C, D is either empty or contractible. Let K
be a geometric realization of nerve C. Then X and
(UK are homotopy equivalent.

In particular, if (| D is empty or contractible for every
D C Vx then X and | Dx are homotopy equivalent.
Related earlier work. Martinetz and Schulten [15]
study neural nets modeling a topological space X. In ge-
ometric language, a neural net consists of finitely many
points and edges between them. The algorithm in [15]
constructs the net by choosing a finite set S C X and se-
lecting edges based on points sampled from X found in
Voronoi cells associated with point pairs. A cell is asso-
ciated with every pair {p, ¢} C S for which V, NV, # 0,
see [7, 18]. This cell can be interpreted as a “thick-
ened” version of the face common to V, and V;, and
a point of X sampled in this cell is taken as evidence
that XNV, NV, # 0. Martinetz and Schulten call the
resulting net the induced Delaunay triangulation of S
and X; in the limit it is the same as the edge-skeleton
of Dx.



Chew [4] introduces a method for constructing a sim-
plicial complex approximating a (two-dimensional) sur-
face in R3. Let X be such a surface and S C X a finite
point set. Three points p,¢,» € S span a triangle in
the approximating complex if they lie on the bound-
ary of an open ball B C R® with center in X so that
SN B = (. Assuming non-degeneracy, such a ball B
exists iff XNV, NVyNV; # 0. Chew’s method can thus
be seen as a special case of our definition of restricted
Delaunay simplicial complexes.

Finally, Edelsbrunner [8] defines the dual complex of
a union of balls in R4, Consider the case where all balls
are equally large. Let S C R? be a finite point set, and
define X = {z € R? | minpes |zp| < p}, for some fixed
positive p € R. The Voronoi cells of S decompose X into
closed convex regions, and the dual complex is defined
as the nerve of these regions, geometrically realized by
the map B(Vpx) = p, for all p € S. We see that it
is the same as the Delaunay simplicial complex, Dy,
restricted by X. The common intersection of any subset
of these regions is convex and therefore contractible, so
the nerve theorem implies that the underlying space of
the dual complex is homotopy equivalent to X.

3 Some Topological Concepts

Neighborhoods, homotopies, homeomorphisms,
and manifolds. An open ball in R% is a set B =
B(z,p) = {y € R? | |yz| < p} for some point z € R¢
and some positive p € R; z is the center and p the ra-
dius of B. For Y C X, a neighborhood of Y in X is an
open subset of X that contains Y.

Let X and Y be two topological spaces. Two maps
f,9 : X = Y are homotopic if there is a continuous map
h :Xx[0,1] = Y with h(z,0) = f(z) and h(z,1) = g(z)
for all z € X. The two spaces, X and Y, are homotopy
equivalent if there are continuous maps f : X — Y and
g :Y — X so that g o f is homotopic to the identity
map in X and f o g is homotopic to the identity map
in Y. X is contractible if it is homotopy equivalent to a
point.

Topological spaces X and Y are homeomorphic, writ-
ten X & Y, if there is a bijective map ¢ : X — Y so that
¢ and ¢~ ! are continuous. ¢ is a homeomorphism be-
tween X and Y, and X and Y are homeomorphs of each
other. Homeomorphs of open, half-open, and closed
balls of various dimensions play an important role in
the forthcoming discussions. For & > 0, let o be the

origin of R* and define
Hk = {iC:({']_,...,fk)ERklkaO},
B* = {zeRFf||zoj<1}, and
s*! = {zeRF||zo|=1}.
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For convenience, we define R* = H* = B* = §* = ¢ if
k < 0. An open k-ball is a homeomorph of R, a half-
open k-ball is a homeomorph of H*, a closed k-ball is
a homeomorph of B, and a (k — 1)-sphere is a homeo-
morph of §¥~1, For k > 1 these are disjoint classes of
spaces, that is, open balls, half-open balls, closed balls,
and spheres are pairwise non-homeomorphic. This is
not true for k = 0: open, half-open, and closed 0-balls
are points, and a O-sphere is a pair of points.

Our first theorem is about topological spaces that are
manifolds, with or without boundary. X C R% is a k-
manifold without boundary if each z € X has an open
k-ball as a neighborhood in X. X C RY is a k-manifold
with boundary if each x € X has an open or half-open
k-ball as a neighborhood in X, and there is at least one
z € X that has no open k-ball as a neighborhood. The
set of points without open k-ball neighborhood forms
the boundary, bd X, of X. Note that the boundary of a
half-open k-ball is an open (k — 1)-ball, which is there-
fore without boundary. From this it follows that the
boundary of a k-manifold with boundary is a (k — 1)-
manifold without boundary. The interior of a manifold
X 1s int X = X — bd X; it is the set of points with open
k-ball neighborhoods. Note that our definition distin-
guishes between manifolds with and without boundary,
which is somewhat non-standard as the set of manifolds
without boundary is usually considered a subset of the
set of manifolds with boundary. A manifold X is com-
pact if every open covering of X has a finite subcovering,
or equivalently, if it is closed and bounded. A manifold
Y C X is a submanifold of X.

Non-degeneracy. In section 4, we are interested in
the intersection between manifolds and affine flats. An
£-manifold F C R? is an £-flat if it is the affine hull of
£+1 points, or equivalently, it is the intersection of d—2
hyperplanes, or linear functionals. Let X C R? be an
m-manifold. Intuitively, a point € R¢ has d degrees of
freedom, and it looses d — m of them if it is constrained
to lie in X. Similarly,  looses d — £ degrees if it is
constrained to liein F. So if ¢ € XN F' then ¢ should
have lost 2d — m — £ degrees of freedom. Hence, XN F
should be empty ifd— (2d—m—~£) = m+£—~d <0. In
general, we expect z to have m-+£—d degrees of freedom
and XNF to be an (m+£—d)-manifold. Algorithmically,
such a non-degeneracy assumption can be simulated by
conceptual perturbation techniques, see e.g. [9, 24].

This intuitive argument can be formalized for smooth
or piecewise smooth manifolds. We need some def-
initions from differential topology. For an open set
X CR™, amap f: X — R” is smooth if it has contin-
uous partial derivatives of all orders and at all points
of X. For arbitrary X C R™, f is smooth if for all
z € X there exists an open ball B = B(z,¢) C R™ and
a smooth map ¢ : B — R" so that ¢ equals f on XN B.



Topological spaces X C R™ and Y C R” are diffeomor-
phic if there exists a homeomorphism ¢ : X — Y so
that ¢ and ¢! are smooth. An m-manifold X with
or without boundary is smooth if each ¢ € X has a
neighborhood diffeomorphic to R¥ or H¥.

Now, let X be a smooth m-manifold, and let f : X —
R be a smooth map. Then y € R is a regular value of f
if for every z € f~!(y) some partial derivative of f at z
is non-zero; otherwise, y is a critical value of f. By the
preimage theorem in differential topology, the preimage
of any regular value is a smooth submanifold of X with
dimension m—1, and by Sard’s theorem, the set of crit-
ical values has measure 0 in R, see e.g. [10, 11]. This im-
plies that with probability 1, the intersection between a
smooth m-manifold X and a hyperplane with prescribed
normal direction is a smooth (m — 1)-manifold. Hence,
with probability 1, the intersection between X and an
£-flat F' with prescribed normal (d — £)-flat is a smooth
(m + £ — d)-manifold. By non-degenerate position of F/
we mean that this is indeed the case, and it is reason-
able to assume non-degenerate position because F' just
needs to avoid a measure zero set in R4~¢,

One of the conditions necessary for our results is
the non-degeneracy of the intersection between Voronoi
cells and the manifold. We thus extend the above no-
tions to Voronoi celis and their intersections. An in-
tersection of Voronoi cells is the common intersection
of finitely many closed half-spaces, and thus a convez
polyhedron. Let P be a convex polyhedron and let X be
a manifold without boundary. We say that P intersects
X generically if XNP = @ or XN P has the right dimen-
sion and XNintP = int (X N P). If X is a manifold with
boundary, then P intersects X generically if P intersects
int X and bd X generically. By non-degenerate position
of P we mean that P intersects X generically. Again,
this is a reasonable assumption to make.

4 Triangulating Compact Mani-
folds

We are now ready to state conditions under which the
restricted Delaunay simplicial complex is a triangula-
tion of X. These conditions will be applied only when
X is a compact manifold. To avoid any confusion, we
note that our results do not settle the open question
whether or not all compact manifolds are triangulable.
The closed ball property. Throughout this section
we assume non-degenerate position of flats and discrete
point sets. Let m > 0 and let X C R? be a compact
m-manifold with or without boundary. Let S C R¢
be a finite point set. We say that S has the generic
intersection property for X if for every subset T' C S,
(VT intersects X generically. We say that S has the
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closed ball property for X if for every £ < m and every
subset T' C S with card7 = m + 1 — £, the following
two conditions hold:

(B1) N Vrx is either empty or a closed ¢-ball, and
(B2) N Vr,bax is either empty or a closed (£ — 1)-ball.

In section 3, we argued that it is reasonable to ex-
pect X N[\Vr be an £-manifold, if X is a smooth m-
manifold. This is reflected in condition (B1). A similar
non-degenerate position assumption is implied by (B2)
for the boundary of X. We will see that the closed ball
property guarantees that dimension is preserved. As an
example consider X; and Dx, in figure 2.1. Condition
(B2) is violated by the common edge of the two Voronoi
cells intersecting X;. Indeed, |JPx, % X; because the
dimension of Xj is two and that of | Dy, is one.

Two technical lemmas. Before proving the firts the-
orem we establish two facts about the closed ball prop-
erty. The first says that the closed ball property pre-
serves dimension locally, and the second is a statement
about the way Voronoi cells intersect a compact mani-
fold and its boundary. We work with arbitrary, that is,
possibly non-smooth m-manifolds since we do not need
any smoothness properties for our proofs. A simplex
o € Dx is a principal simplez if there is no proper su-
perset U O T with oy € Dx. The first fact is formalized
in the following lemma.

LEMMA 4.1 (preservation of dimension). Let m > 1, let
X C R? be a compact m-manifold with or without
boundary, and let S C R? be a non-degenerate fi-
nite set of points that has the generic intersection
property for X. If S has the closed ball property
for X then every principal simplex of Dx is an m-
simplex.

Proor. Let or € Dx be a principal simplex, and define
F' =(Vr and F =\ Vrx. By condition (B1), F =
XN F'is a closed ¢-ball, with £ = m+1—card T'. Since
or € Dx, we have F' # ), which implies £ > 0 and
therefore card T' < m+1. If card T' = m+1 then o7 is an
m-simplex and we are done. So suppose card T' < m+1.
Since or is a principal simplex, it follows that F C
int F', for otherwise there is a proper face G’ = (Vy
of F/, so T C U, with XN G # §. If follows that
ou € Dx, which contradicts the principality of o7r.
Finally, we show that F' C int F’ also leads to a con-
tradiction. As mentioned above, F is a closed #¢-ball
and hence bd F is an (£— 1)-sphere. This (£— 1)-sphere
is contained in int F’, so it must lie in bd X. Indeed,
bd F' = bdX N F’. This contradicts condition (B2),

which requires bd X N F be a closed (¢ — 1)-ball.

For the next lenma we need a classic result on sub-
divisions of a certain type of complex. A closed ball is



called a cell, or a k-cell if its dimension is k. A finite
collection of non-empty cells, R, is a regular CW com-
plez if the cells have pairwise disjoint interiors, and the
boundary of each cell is the union of other cells in R.
A subset of R is a chain if its elements can be ordered
so that each contains its predecessors and is contained
in its successors. Let Cr be the set of chains in R and
note that nerve Cx is well defined. The result men-
tioned is that any geometric realization of nerve Cr is
homeomorphic to | JR. It can be found in [5, chapter
V] and [14, chapter III] and also in [3] where it is ap-
plied to manifolds subdivided by the cells of a regular
CW complex. Another classic result needed is the weak
Schénflies theorem, see e.g. [20, chapter 3], which im-
plies that if A is a piecewise linear k-sphere and B C A
is a piecewise linear closed k-ball then A —int B is also
a closed k-ball.

LEMMA 4.2 (complimentary closed ball property). Let
m, X, and S be as in lemma4.1. Let T C S be so
that G = nVT,bdx # @, and define F = nVT,x
and £ = m - card T'. If S has the closed ball prop-
erty for X then bd F — int G is a closed £-ball.

ProoF. By condition (B2), F is a closed (£ + 1)-ball,
and thus an (£+1)-manifold with boundary. Let R con-
sist of all sets (| Vy,x and (| Vy,pax over all U C S with
T C U. Assuming S has the closed ball property for X,
these sets are cells, so R is a regular CW complex and
F =|JR. Let K be a geometric realization of nerve Cx
and let ¢ : F — | JK be a homeomorphism; it exists be-
cause of the homeomorphism result mentioned above.
Note that ¢(bd F) = bd{JK is the underlying space of
a subcomplex of K, and similarly, ¢(G) = |J£ for a
subcomplex £ C K. By construction, bd [J K is a piece-
wise linear £-sphere and |J£ C bd|JK is a piecewise
linear closed #-ball. The weak Schonflies theorem im-
plies that bd |JKX —int |J £ is a closed £-ball. Since ¢ is a
homeomorphism, ¢~ }(bd | JK —int|J £) = bd F —int G
is also a closed £-ball, as claimed.

Theorem for manifolds. We need a few additional
definitions. The barycentric coordinates of a point
& with respect to a simplex op, T = {vo,..., v},
are real numbers &, ...,& so that z:’;o & = 1 and
Zf:o &v; = x; they are unique and non-negative if
z € o7. Let K and £ be two simplicial complexes, and
let f : vert K — vert £ take the vertices of any simplex
in K to the vertices of a simplex in £. The simplicial
map implied by fis g : JK — |J £, which maps a point
z €or, T = {vo,...,vs}, to g(z) = Zf:o &if(vi). We
will use the fact that if f is a bijection then g is a home-
omorphism. The barycenter of op is by = Zfzo P
and the barycentric subdivision of K is

sd K = {conv {br | T € C}|C € Cx}.

Figure 4.1 (c) shows the barycentric subdivision of the
simplicial complex in 4.1 (b). Note that sd X can be

(a) (b) () (d)

Figure 4.1: (a) The space X is a closed 2-ball in the form
of a boomerang. It is covered by the restricted Voronoi
cells of six points, which define a regular CW complex R
with [JR = X. (b) The Delaunay simplicial complex, Dx,
consists of four triangles connecting six points. (c) The
barycentric subdivision, sd Dx, has the same underlying
space as Dx. (d) A geometric realization of nerve Cg
consists of a simplicially homeomorphic copy of sd Dx (not
shaded), surrounded by a collar of triangles (shaded).

constructed inductively by connecting br to all sim-
plices subdividing the proper faces of or. The star of
avertex vEKisstv={c €K |vEr}.

We will use these tools to show our first result stated
in theorem 4.3 below. The proof constructs a home-
omorphism between X and |JDx one step at a time.
In this process, the pasting lemma of point set topol-
ogy [16, 19] is employed. It can be stated as follows.
If f:A— Y and g : B — Y are continuous maps
that agree on AN B and A, B are closed in AU B, then
h: AUB — Y, which agrees with f on A and with ¢
on B is continuous.

THEOREM 4.3 Let X C R? be a compact manifold,
with or without boundary, and let S C R? be a
non-degenerate finite point set that has the generic
intersection property for X. If S has the closed ball
property for X then |JDx =~ X.

Proor. For each i, define V; = {(\Vrx | cardT =
m + 1 — i} and note that because of the closed ball
property all elements in V; are closed i-balls. We in-
ductively construct simplicial complexes K’; and home-
omorphisms ¢; : |JV; — {JK;i, so that K;-1 C K; and
¢; agrees with ¢;_1 on |JV;—1. When we arrive at
K = Kmn and ¢ = ¢, we show there is a simplicial
homeomorphism between K and sd Dx. The result fol-
lows because X = JVyn ®# UK ~ Usd Dx = [UDx.

To start the induction, let each T' C 5 correspond
to a point vy in R®. Let e be large enough and
choose the points in R® so that any collection of sim-
plices of dimension up to m spanned by these points
satisfy the properties of a simplicial complex. Define



Ko={vr |TCS, cardT =m+1, (NVrx # 0}. At
this stage the homeomorphism ¢q : Vg — Ko defined by
wo((Vr,x) = vr is just a bijection between two finite
point sets.

Suppose 0 < § < m—1and K; and ¢; : JV; —
[UK; are constructed. Let ¢ = j + 1 and initialize
Ki = K;. Let T C S with cardT = m+ 11 so
that F = (\Vr x # 0 and vp is not yet in K;. Define
G = [\Vr,bax- We add simplices to K; that will allow
us to extend the homeomorphism so it includes F' € V;.
Specifically, consider all sets U C S, with T C U and
N Vux # 8. The corresponding simplices oy belong to
K; and are contained in ¢;(bd F —int G). Add all sim-
plices oyu{vr} to Ki. To extend the homeomorphism
we distinguish two cases. Assume first that G = 0, and
therefore F' C int X. Since ¢; is a homeomorphism and
F is a closed ¢-ball, bd F' and 5;(bd F') are both (i —1)-
spheres. It follows that | Jst vr is a closed ¢-ball, and a
homeomorphism ¢r : F' — [Jst vr that agrees with ¢;
on bd F' can be constructed. Now assume G # . By
lemma 4.2, bd F' —int G and therefore ¢;(bd F' —int G)
are closed (¢ — 1)-balls. Furthermore, bd G is an (i — 2)-
sphere. Let £ C K; consist of the simplices oyy{vr},
with oy C ¢;(bdG). |JL is a closed (i — 1)-ball, and
a homeomorphism ¢4, : G — |J £ that agrees with ¢;
on bd G can be established. Now we are in the same
situation as in the first case, and a homeomorphism
or : F — st vp that agrees with ¢/, on G and with
®;j on bd F —int G can be constructed. After adding all
F =[\Vrx with card T = m+ 1 — i in this fashion, we
get ¢; by combining all ¢ using the pasting lemma.

Observe that K and sd Dx contain a vertex for each
T C S with (YVrx # 0, so vertsdDx = {by | vr €
vert K}. It follows that f : vert KX — vertsd Dx de-
fined by f(vr) = by is a bijection. By construction
of K, if a collection of vertices belong to a common
simplex in K, then their images belong to a common
simplex in sdDx. It follows that the simplicial map
g : UK — Jsd Dx implied by f is a homeomorphism.
Therefore, | JK ~ {Jsd Dx = |JDx, and the assertion
of the theorem follows.

REMARK. As illustrated in figure 4.1, the Delaunay
simplicial complex restricted by X is related to the com-
plex obtained from the chains of the regular CW com-
plex defined by the Voronoi cells. Besides being smaller,
an advantage of the Delaunay simplicial complex is that
it naturally imbeds in the same space that contains X
and S.

REMARK. For manifolds of dimension 3 or less, condi-
tion (B2) is implied by (B1) and the weaker requirement

(B2’) M Vr,bax is either empty or contractible.

Of course, this is interesting only for manifolds with
boundary, for otherwise (B2) and (B2’) are void. To
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see why (B2’) is sufficient, let 1 < m < 3 and suppose
X and S satisfy the assumptions in lemma 4.1. Assume
also that S satisfies condition (B1), that is, for every
£ < mand every ' C S with cardT = m+ 1~ ¥,
F = (Vrx is either empty or a closed ¢-ball. Note
that

G=nVT,bdX=bdF_ U intﬂVU,x
TCUCS

is either empty or an (£ — 1)-manifold contained in an
(£—1)-sphere, namely bd F'. For £ < 3, the contractibil-
ity of G # 0 implies that G is a closed (£ — 1)-ball; so
(B2’) implies (B2). For.m = 4, (B2’) implies (B2) if the
Poincaré conjecture for 3-spheres is true, see e.g. [1].

5 General Topological Spaces

In this section, we generalize the result for compact
manifolds to more general topological spaces. The re-
quirements will automatically exclude spaces that can-
not be expressed as the underlying space of a finite reg-
ular CW complex. In order to generalize theorem 4.3,
we need extensions of the generic intersection and'the
closed ball properties. Let X C R? be a topological
space and let S C R? be a non-degenerate finite point
set. S has the eztended closed ball property for X if
there is a regular CW complex R, with X = [JR, that
satisfies the following properties for every T° C § with

NVrx #0:

(E1) there is a regular CW complex Ry C R so that
NVrx=URrz,

(E2) the set RS = {y € R | inty C int[|Vr} contains
a unique cell, nr, so that gy C 7 for every y € RS,

(E3) if gy is a j-cell then ny Nbd(\Vr is a (j — 1)-
sphere, and

(E4) for each integer k and each k-cell ¥ € RS — {nr},
yNbd[\Vr is a closed (k — 1)-ball.

We call n7 the hub of 'R%. Furthermore, S has the
extended generic intersection property for X if for every
T C S and every v € Rt — R% there is a § € R% so
that v C 6.

It js not difficult to see that if X is a compact manifold
and S has the generic intersection and the closed ball
properties for X, then the extended generic intersection
and the extended closed ball properties follow. Indeed,
the regular CW complex, R, required by condition (E1)
consists of all non-empty sets (|Vr,x and (| Vr bax,
T C S. Fix asubset T C S and défine FF = (Vrx
and G = [\ Vrpax. If non-empty, F and G are closed
balls, and if G # 0 then F # 0 and the dimension of



F exceeds the dimension of G by one. There are three
possible cases. If F'= G = 0 then (\Vrx = F =0 and
conditions (E2) through (E4) are void. If F # @ and
G = 0 then RY. = {F}, and r = F satisfies conditions
(E2) and (E3); condition (E4) is void. If F # @ and
G # 0 then R} = {F, G}, nr = G satisfies conditions
(E2) and (E3), and 7 = F satisfies condition (E4). In
any case, the establishment of the homeomorphism in
the proof of theorem 4.3 can be viewed as introducing
a vertex vy for nr and connecting it to the simplices
inductively constructed for the cells in Rz —R%. This
idea also works in the general case.

Let X C R? be a topological space, and let S C R? be
a non-degenerate finite point set that has the extended
generic intersection and the extended closed ball prop-
erties for X. To construct a homeomorphism between
X =|JR and |JDx, we consider one subset T'C S at a
time, in order of non-increasing cardinality. Inductively,
we assume the cells in Rz — RY are already mapped
homeomorphically to appropriate simplices. We extend
the homeomorphism to the cells of R}, again induc-
tively in order of non-decreasing dimension. We intro-
duce a vertex, vy, for the hub, nr. If nr is a k-ball,
its boundary is a (k ~ 1)-sphere, and by (E3) and the
induction hypothesis, the cells in this (k — 1)-sphere are
already part of the homeomorphism. After connecting
vr to the simplices that correspond to the cells in bd 57,
we can extend the homeomorphism to nr. Every other
cell in RY. is treated the same way, only that the reason
the homeomorphism can be extended is now a combi-
nation of the two induction hypotheses. This implies
the generalization of theorem 4.3 to topological spaces
other than manifolds.

THEOREM 5.1 Let X C R? be a topological space, and
let S be a non-degenerate finite point set that has
the extended generic intersection property for X. If
S has the extended closed ball property for X then
UDx ~ X.

6 Remarks and Further Work

This paper is targeted at problems requiring the dis-
cretization of possibly complicated geometric objects in
finite-dimensional Euclidean spaces. Such problems are
abundant in the computational science literature, see
e.g. Kaufmann and Smarr [12], where the discretization
of continuous domains is common practice. The dimen-
sions of the domain and the imbedding space can be
the same, as e.g. common in fluid dynamics problems,
or they can be widely different, as in the study of many
dynamical systems. The restricted Delaunay simplicial
complex introduced in this paper is a general method
that produces simplicial discretizations in all cases.

The introduction of a general concept typically gives
rise to many specific questions and directions for fur-
ther research. We see three directions of progressively
more basic work necessary to bring restricted Delaunay
simplicial complexes closer to the targeted application
areas. The first is the design of efficient algorithms
that constructs the Delaunay simplicial complex of a
finite point set, S, restricted by a domain or space,
X. Special cases under different assumptions on how
X is specified are considered in [15, 4, 8]. The second
direction is the design of methods that choose finitely
many points resulting in good quality discretizations of
X. Such methods have a long history in the somewhat
different context of finite element analysis, see e.g. [21].
The third direction is the study of maps from a prob-
lem specific domain to a space, possibly imbedded in
higher dimensions, that depends on functionals studied
over the domain or on approximate solutions thereof.
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