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Chapter 1
Introduction

The central object of this book is the measure of geometric quantities describing
a subset of the Euclidean space (EN ,< .,. >), endowed with its standard scalar
product.

Let us state precisely what we mean by a geometric quantity. Consider a subset
S of points of the N-dimensional Euclidean space EV, endowed with its standard
scalar product < .,. >. Let Gy be the group of rigid motions of EV. We say that a
quantity Q(S) associated to S is geometric with respect to Gy if the corresponding
quantity Q[g(S)] associated to g(S) equals Q(S), for all g € Gy. For instance, the
diameter of S and the area of the convex hull of S are quantities geometric with
respect to Gp. But the distance from the origin O to the closest point of S is not,
since it is not invariant under translations of S. It is important to point out that the
property of being geometric depends on the chosen group. For instance, if G; is the
group of projective transformations of EV, then the property of S being a circle is
geometric for Gy but not for G, while the property of being a conic or a straight
line is geometric for both Gy and G;. This point of view may be generalized to any
subset S of any vector space E endowed with a group G acting on it.

In this book, we only consider the group of rigid motions, which seems to be
the simplest and the most useful one for our purpose. But it is clear that other in-
teresting studies have been done in the past and will be done in the future, with
different groups, such as the affine group (see [23, 36]), projective group, quater-
nionic group, etc.

1.1 Two Fundamental Properties

Our standpoint is that a geometric quantity is “interesting” if it possesses “funda-
mental” properties, related to the use one wants to make of it:

1. In applications like computer graphics, medical imaging, and structural geology
for instance, scientists instinctively wish a continuity condition, related to the
following simple observation: suppose one would like to evaluate a geometric
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quantity Q(S) defined on S, but one only has an approximation S’ of S. It is
natural to evaluate the quantity Q(S’), hoping that the result is “not too far” from
O(S). In other words, one would like to write:

if}EEoSn:S,then ,}EEOQ(S”):Q(S)' (1.1)
Note that this claim is incomplete since we have not specified the fopology on
the space P(EN) of subsets of E¥. The simplest one is the Hausdorff topology,
but we shall see that it is not enough in general.!

2. The second property is the inclusion—exclusion principle: basically, to evaluate
a geometric quantity Q(S) on a “big subset” S, it may be interesting to cut it
into “small parts” S;, evaluate Q(S;) on each “small part,” and add the results to
recover Q(S). Roughly speaking, one wishes to have the equality:

Q(S1USQ) ZQ(S1)+Q(82)—Q(S1082). (1.2)

These two properties will be the “Ariane thread” of this book.

1.2 Different Possible Classifications

To classify such geometric quantities (as we have said, we only consider here quan-
tities invariant under rigid motions), we can use topology or differential geometry:

e Pointwise, local, or global geometric invariants. A geometric property defined
on S can be pointwise, local, or global. For instance:

— The curvature of a smooth curve 7y at a point, the Gauss curvature of a smooth
surface of %, and the solid angle of a vertex of a polyhedron are typical exam-
ples of pointwise properties. Although Fary [41] proved easily a convergence
result for the curvature of a curve approximated by a sequence of inscribed
polygons, the approximation of the pointwise curvatures of a surface approx-
imated by a sequence of inscribed triangulations is very difficult (see [21]).

— The area of a Borel subset of a surface S of E* is a local invariant of S. Note
that the continuity condition is not satisfied with the Hausdorff topology: the
well-known Lantern of Schwarz [75] is a typical example of a sequence of
polyhedra which “tends” to a smooth compact surface with finite area, al-
though the sequence of areas of the polyhedra tends to infinity.

— The genus of a closed surface of E? is a global invariant. The Gauss—Bonnet
theorem relates it to the Gauss curvature of the surface: integrating the Gauss
curvature function over a closed surface gives its Euler characteristic (up to a
constant).

I However, if one only considers the class of convex subsets, then a beautiful theorem of
Hadwiger [56] states that the space of Hausdorff-continuous additive geometric quantities is
spanned by the so-called intrinsic volumes. Examples of intrinsic volumes are length for curves,
area for surfaces, but also integrals of mean and Gaussian curvature (for smooth convex sets).
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e Differential classification. The minimum degree of differentials involved in the
characterization of a geometric property on smooth objects may also be a way of
classification. For instance:

— The convexity property of an object @ in EV depends only on the position of
the points of 0. No differential is involved.

— The area of a (smooth) surface S involves only the first derivatives of a (local)
smooth parametrization of S.

— The curvature tensor of a Riemannian manifold M involves the second deriv-
atives of a (local) smooth parametrization of M.

The aim of this book is to present a coherent framework for defining suitable
curvature measures associated to a huge class of subsets of EV. These measures
appear as local geometric invariants, involving 1 or 2 differentials in the smooth
case (basically 1 for the length, the area, and the volume and 2 for the curvatures).
These general geometric invariants coincide with the standard ones in the smooth
case, but are also adapted to triangulations, meshes, algebraic and subanalytic sets,
and “almost any” compact subsets of EY. Moreover, the continuity for a suitable
topology and the inclusion—exclusion principle we mentioned at the beginning of
this introduction will be systematically satisfied.

This book follows the long story of the sequence of little (and often brilliant)
extensions of the classical notion of curvature. It appeared to the author that this
historic presentation is also the most pedagogic approach to the problem.

We begin with the “old” geometric theory of convex subsets and end with “mod-
ern” computational geometry.

Let us now summarize the book, Part after Part, Chapter after Chapter:

e The motivations are made clear in Part I which deals only with curves and sur-
faces in 3.

e The essential material frequently involved in this book is given in Parts II-IV. It
is a long background: it appeared important to provide the reader with the com-
plete and precise material needed for the rest of the book. One needs topology,
differential geometry, measure theory, and computational geometry. We summa-
rize the results indispensable to the understanding of guiding ideas of the book.

e Parts V-VIII are the core of the book. They give the theory of the normal cycle,
the definition of generalized curvatures of discrete objets, and convergence and
approximation results. They end with an application to surfaces sampled by a
finite cloud of points.

1.3 Part I: Motivation

Chapters 2 and 3 are an introduction to the subject, giving essentially simple exam-
ples and counterexamples to the problem of convergence of geometric quantities:
the length of a smooth curve and its curvature in Chap. 2 and the area of a smooth
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surface and its mean and Gauss curvatures in Chap. 3. The problem of their discrete
equivalents is introduced. We distinguish the pointwise vs. local or global versions
of convergence.

1.4 Part II: Background — Metric and Measures

Chapter 4 deals with the distance map and the projection map in EV. It studies in
detail their local and global properties. This leads us to recall the definition of the
reach of a subset and the Voronoi diagram associated to a finite set:

1. The reach of a subset (also called the local feature size) was introduced by
Federer [42]. The reach r of a subset S of EY is defined as the maximal real
number r such that the tubular neighborhood U, of S of radius r has the follow-
ing property: every point of U, has a unique orthogonal projection on S. The real
number r is always positive if S is smooth and compact. Of course, nonsmooth
subsets may also have a positive reach. The main advantage of working in the
class of subsets S with positive reach r is that the projection from U, onto S is a
smooth map, whose differential gives precise information on the shape of S.

2. On the other hand, the distance function allows one to define the Voronoi dia-
grams associated to finite sets, and more generally the medial axis of any subset
of points.

Since the goal of this book is to build curvature measures on a large class of
compact subsets of EV, Chap. 5 summarizes the basic and classical constructions
of measures. It covers Lebesgue measure, the change of variable, and the area and
coarea formulas.

1.5 Part III: Background — Polyhedra and Convex Subsets

The whole book deals with the approximation of smooth submanifolds by inscribed
triangulations. That is why Chap. 6 is devoted to the indispensable background on
polyhedra. It gives the main definitions on polyhedra and the precise definitions of
the normal cone, the internal and external dihedral angles appearing in many explicit
formulas of curvature measures. The chapter ends with the Gauss—Bonnet theorem
for polyhedra.

Chapter 7 deals with convexity. The convex bodies are the first nonsmooth sub-
sets on which global curvatures have been defined. For our purpose, two interesting
properties of convex bodies are detailed:

1. The limit of a sequence of convex bodies is still convex.
2. The projection of a convex body on a hyperplane is still convex.
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These two properties imply interesting results proved by induction on the di-
mension. This is the case for the Cauchy formula, which relates the volume of the
boundary of a convex body with the integral of the volume of its projections on hy-
perplanes. The chapter ends with particular valuations on the class of convex bodies,
and the Hadwiger theorem [52].

1.6 Part IV: Background - Classical Tools on Differential
Geometry

Chapters 8 and 9 recall the definition of differential forms and densities on a man-
ifold, and their relations with measures. In fact, we shall show later that particular
differential forms integrated on a smooth submanifold give the classical mean cur-
vature integrals of the submanifold. It will be the way to define curvature measures
on a smooth object, and on any object on which such an integration can be done.
Chapters 10 and 11 give the necessary background on Riemannian geometry.
The smooth objects studied in this book are submanifolds of EV, endowed with the
induced metric and the Levi-Civita connexion. Chapter 10 introduces the intrinsic
geometry of a Riemannian manifold, dealing with the curvature tensor. As exam-
ples, the spheres, the projective spaces, and the Grassmann manifolds are described.
Chapter 11 deals with the extrinsic Riemannian geometry of submanifolds:

e We introduce the second fundamental form of any Riemannian submanifold, the
principal curvature functions, and the k""-mean curvatures, generalizing the mean
curvature and the Gauss curvature of surfaces. We are in particular interested in
their integral over any Borel subset, which will appear in the second part of this
book, in the tubes formula of Weyl. These integrals may be considered as cur-
vature measures, which will be generalized to nonsmooth subsets, via the theory
of normal cycles. The Gauss—Codazzi—Ricci equations, relating the extrinsic and
intrinsic curvatures, are set out, since they will be used in technical proofs in the
third part of the book.

e In classical theory of submanifolds, the Gauss map plays a key role. If M is a
hypersurface of EV, the integral of the pullback by the Gauss map of the volume
form of the unit hypersphere of EV gives (up to a constant) the integral of the
Gauss curvature of M, which is, by the Gauss—Bonnet theorem, its Euler char-
acteristic. This result and its generalization in any dimension and codimension
can be considered as the central point of the development of the theory of normal
cycles.

Chapter 12 gives the basic background on currents, dual to differential forms.
Indeed, currents can be considered as a generalization of submanifolds, on which
differential forms can be integrated. We highlight the crucial compactness theo-
rem for integral currents. It is the main tool in the proof of Fu’s [48] convergence
theorems for the curvature measures. We also mention a result on deformation of
currents, used in the proof of the approximation results of the curvature measures.
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1.7 Part V: On Volume

Part V covers the evaluation and approximation of the n-volume of a (measurable)
subset of EV.

First of all, Chap. 13 studies deeply the well-known Lantern of Schwarz [75]
(first example of a nonconvergence theorem for area). Then, it gives a general re-
sult: one can bound the n-volume of a smooth n-dimensional submanifold of EV by
the volume of another submanifold close to it, as far as one has information on their
Hausdorff distance and their deviation angle, i.e., the maximum angle between their
respective tangent bundles. It appears interesting to introduce a new geometric in-
variant, called the relative curvature, which connects the Hausdorff distance of the
submanifolds and the second fundamental form of the initial one.

Chapter 14 applies the previous results to the evaluation of the length of curves
approximated by a polygonal line, in terms of the relative curvature. The end of the
chapter gives an useful bound of the deviation angle in terms of the length and the
curvature of the curve.

Chapter 15 applies the previous results to surfaces in E°, approximated by tri-
angulations. Another geometric invariant is introduced, namely the relative height,
linking the length of the edges of the triangulation and the second fundamental form
of the surface. With these new tools, elegant approximation and convergence theo-
rems can be proven. They are corollaries of the general result stated in Chap. 13.

1.8 Part VI: The Steiner Formula

Part VI is concerned with the Steiner formula and its extensions.

Chapter 16 sets out the main theory of Steiner, discovered around 1840 (see [73]
for instance). Given a convex body K of the Euclidean space EV, Steiner showed that
the volume of the parallel body of K at distance € is a polynomial of degree N in €.
When the boundary of K is smooth, the coefficients of this polynomial are, up to a
constant depending on N, the integrals of the k"*-mean curvatures of the boundary
of K. Thus, these coefficients, called Quermassintegrale by Minkowski, are good
candidates to generalize curvatures to convex hypersurfaces, without assuming any
regularity condition. The problem of continuity of curvatures first appeared in this
context: it could be proven that, if a sequence of convex bodies K, has a Hausdorff
limit K, then the curvatures of K, converge to those of K. Using integral-geometric
considerations, tight estimates can even be obtained for the difference between the
curvatures of K,, and those of K.

Chapter 17 sets out the extension by Weyl [82] in 1939 of the results of Steiner,
namely the tubes formula: Weyl proved that the interpretation of integrals of curva-
tures in terms of the volume of parallel bodies also holds if one drops the convexity
assumption but assumes smoothness, provided € is small enough. However, conti-
nuity with respect to the Hausdorff topology does not hold for smooth submanifolds,
unless one assumes additionally that the curvatures of the sequence of submanifolds
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are uniformly bounded from above [42]. Under these assumptions, estimates of dif-
ferences of curvature measures are known.

Chapter 18 sets out a part of the deep work of Federer [42] on geometric measure
related to curvature measures (published in 1959). This author made a breakthrough
in two directions:

1. He defined a large class of subsets, including smooth submanifolds and convex
bodies, for which it is possible to define reasonable generalizations of curva-
tures: the subsets of positive reach. His approach consists again in considering
the volume of parallel bodies. Basically, he observed that the key point in the
tubes formula for both smooth and convex cases is that the orthogonal projection
on the studied subset is well defined in a neighborhood of it. Subsets of positive
reach are defined to be those for which this property holds.

2. He showed that one can actually associate to each subset K with positive reach
in EN and each integer k < N a measure on EN , called the k'"-curvature measure
of K. When K is a smooth submanifold, its k""-curvature measure evaluated on a
Borel subset U is nothing but the integral of the k’"-mean curvature of K on U.
Curvature measures thus give a much finer information than the Quermassinte-
grale since they determine, in the smooth case, the k""-mean curvatures at any
neighborhood of any point of the subset.

Continuity with respect to the Hausdorff topology still holds for subsets with pos-
itive reach, if one assumes additionally a boundness condition on the reaches [42].

1.9 Part VII: The Theory of Normal Cycles

Unfortunately, Federer’s approach could not handle some simple objects such as
nonconvex polyhedra. Part VII is devoted to the theory of normal cycles, whose goal
is to extend the results of Federer to subsets more general than subsets with positive
reach. This step has been accomplished by Wintgen [83] in 1982 and Zihle [87].
These authors noticed that, in the smooth case, curvature measures of a smooth
submanifold M of EV arise as integrals over the unit normal bundle ST+M of the
pullback of (N — 1)-differential forms defined on the unit tangent bundle STEY of
EN, which are invariant under rigid motions. In other words, the geometry of a
submanifold is thus contained in the current determined by its unit normal bundle,
by attaching to it a basis of the space of differential (N — 1)-forms “invariant under
rigid motions.”

That is why Chap. 19 classifies these differential forms “invariant under rigid
motions,” defined on the unit tangent bundle of EV. It appears that a basis of this
space can be simply and explicitly described.

Since singular spaces do not have in general a smooth normal bundle on which
these invariant forms can be integrated, the main point is now to introduce a general-
ization of the normal bundle of a smooth object. The choice of Wintgen [83] is quite
natural: using the duality between differential forms and currents, he introduced the
concept of a normal cycle associated to a singular space.
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Chapter 20 gives the details of this generalization. Associated to (“almost any”)
compact subset A of EV, Wintgen defined a closed integral current N(A), called
the normal cycle associated to 4. An important property of the normal cycle is its
additivity (which we also call the inclusion—exclusion principle): if A’ is another
compact subset of EN , one has

N(AUA) =N(A) +N(A) =N(ANA) (1.3)

whenever both sides are defined. In particular, the normal cycle of a not necessar-
ily convex polyhedron can be computed from any triangulation by applying this
inclusion—exclusion principle to the normal cycles of the simplices of the triangu-
lation. Fu [46,47,50] showed that normal cycles could be defined for a very broad
class of subsets called geometric subsets. In particular, semialgebraic sets, subana-
lytic sets, and more generally definable sets are geometric (see [12, 14, 15,49] for
the last point).

The main results of this chapter are two theorems on convergence and approxima-
tion for the normal cycles of sequences of triangulated polyhedra. The convergence
theorem is a consequence of the compactness theorem for integral currents, under
the assumption that the fatness of the triangulations is bounded from below [48].
The approximation theorem is a consequence of a deformation theorem of currents.
Under a certain condition, we bound the difference of the curvature measures of two
geometric sets when one of them is a smooth hypersurface. This result refines the
theorem of Fu [48] by giving a quantitative version of it. More precisely, it gives an
estimate of the flat norm of the difference between the normal cycle of a compact
n-manifold K of [E" whose boundary is a smooth hypersurface and the normal cycle
of a compact geometric subset K, in terms of the mass of the normal cycle of K, the
Hausdorff distance between their boundaries, the deviation angle between K and C,
and an a priori upper bound on the norm of the second fundamental form of the
boundary of K.

Using these invariant forms and the normal cycle, Chap.21 defines curvature
measures of geometric sets, by integrating these forms on the normal cycles. Ap-
plying the convergence and approximation theorems of normal cycles, one deduces
(by weak duality) convergence and approximation results of curvature measures of
geometric sets [48]. This quantitative estimate of the difference between curvature
measures of two “close” subsets generalizes those given for convex subsets.

Chapter 22 notes that the previous theory deals with principal curvatures but
never with principal directions. To get a finer description of the geometry of singular
sets, it is natural to look for a generalization of the second fundamental form of an
immersion to the singular case. Mimicking the construction of the invariant (N —1)-
forms, we define a (0,2)-tensor valued (N — 1)-form that we plug in the normal
cycle of the considered geometric subset /C. In this way, we create a new curvature
measure which we call the second fundamental measure associated to K. Of course,
when K is smooth, we get the integral of the second fundamental form. As before,
we deduce convergence and approximation theorems in terms of this new second
fundamental measure.
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1.10 Part VIII: Applications to Curves and Surfaces

Chapters 23-26 apply the results of the previous chapters to the most useful situa-
tions: curves and surfaces in E? and E>. We give explicit computations and, when it
is possible, explicit bounds on the approximations.

The last chapter (Chap. 27) is devoted to the applications of the previous theories
to the Voronoi diagram and Delaunay triangulations. After a brief summary of the
main constructions, in particular the construction of a restricted Delaunay triangula-
tion associated to a curve of a surface, we deal with the approximation of the length,
area, and curvatures of a sampled curve or surface.

To end this introduction, we would like to point out the fundamental differ-
ence between a convergence result and an approximation one: when one deals with
applications (like medical imaging, structural geology, or computer graphics for in-
stance), a convergence result of geometric invariants is often elegant and reassuring.
But how to apply it? Conversely, an approximation result gives a bound on the error.
However, in both cases, we are often dealing with a “real-world object,” extremely
difficult to define. We must have permanently in mind the difference between a
“real” physical object, the perception of this object, and its mathematical modeling.

As an example, one of the plates presented in this book is a reconstitution of the
principal directions of the head of Michelangelo’s David. The validity of this image
is implicitly admitted by the fact that one recognizes the Michelangelo masterpiece.
But a basic problem is occulted: is it well founded to assign directions or lines of
curvatures to an eventually smooth David, and then trying to approximate them by
those of a triangulation sufficiently close to this hypothetical smooth surface?
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Il y a entre les géometres et les astronomes une sorte de malentendu au sujet
de la signification du mot convergence. Les géométres, préoccupés de la parfaite
rigueur et souvent trop indifférents a la longueur des calculs inextricables dont
ils congoivent la possibilité, sans songer a les entreprendre effectivement, disent
qu’'une série est convergente quand la somme des termes tend vers une limite
déterminée, quand méme les premiers termes diminueraient tres lentement. Les as-
tronomes, au contraire, ont coutume de dire qu’une série converge quand les vingt
premiers termes, par exemple, diminuent trés rapidement, quand méme les termes
suivants devraient croitre indéfiniment. Ainsi pour prendre un exemple simple, con-
sidérons les deux séries qui ont pour terme général 10’?!()" et 10’(‘]!0,1. Les géometres
diront que la premiere série converge, et méme qu’elle converge rapidement,. .. ;
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mais ils regarderont la seconde comme divergente. Les astronomes, au contraire,
regarderont la premiére comme divergente,. .., et la seconde comme convergente.
Les deux regles sont légitimes: la premiere dans les recherches théoriques, la sec-
onde dans les applications numériques. . .

Henri Poincaré,

(Méthodes nouvelles de la mécanique céleste, Chapitre 8 tome 2, 1884).



Chapter 2
Motivation: Curves

The length and the curvature of a smooth space curve, the area of a smooth surface
and its Gauss and mean curvatures, and the volume and the intrinsic (resp., extrinsic)
curvatures of a Riemannian submanifold are classical geometric invariants. If one
knows a parametrization of the curve (resp., the surface, resp., the submanifold),
these geometric invariants can be directly evaluated. If such parametrizations are
not given, one may approximate these invariants by approaching the curve (resp.,
the surface, resp., the submanifold), by suitable discrete objects, on which simple
evaluations of these invariants can be done. Our goal is to investigate a framework
in which a geometric theory of both smooth and discrete objects is simultaneously
possible. To motivate this work, we begin with two simple examples: the length and
curvature of a curve.

2.1 The Length of a Curve

This book deals essentially with curves, surfaces, and submanifolds of the Euclidean
space EV endowed with its classical scalar product < .,. >.

2.1.1 The Length of a Segment and a Polygon

If p and g are two points of EV, the length of the segment pgq is the norm of the
vector p_q> i.e., the real number

|pq‘ =v< ]751)717_51) >.

If P is a polygon, given by a (finite ordered) sequence of points vy, ...,v, in EV, the
length (P) of P is the sum of the lengths of its edges, i.e.,

n—1
l(P) = Z |vivl~+1|.
i=1

13
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2.1.2 The General Definition

Let us now give the classical definition of the length of a curve, using approxima-
tions to the curve by polygons. The length of a curve (without any assumption on
regularity) is usually defined as the supremum of the lengths of all polygons in-
scribed in it: let

c:1=[ab] - EY

be a (parametrized) curve from a segment [a,b] C R into EV. If there is no possible
confusion, we identify the image I" of ¢ (i.e., the support of the curve c¢) with ¢
(Fig. 2.1).

Definition 1. Let S be the set of all finite subdivisions ¢ = (19,11,...,4;,...,1,) of
[a,b], with

a=t) <t <..<t;<..<t,=Db,

and denote by /(o) the length of the polygon c¢(t)c(11)...c(t;)...c(t,). If

supl(o)
(SN

is finite, one says that the curve c is rectifiable and its length [(c) (or [(T)) is this
supremum:

I(c)=supl(0). (2.1)

oceS

It is well known that there exist continuous curves which are not rectifiable. The
most famous example is the Von Koch curve obtained as follows: start from an equi-
lateral triangle and consider each of its edges e. Take off the middle third e; of
e and replace it with an equilateral triangle #1. Then, take off e;. The limit of this
process gives rise to the Von Koch curve, which is continuous but with infinite length
(Fig.2.2).

c(ty) )

c(t3)
c(ty)

Fig.2.1 A smooth curve and its
approximation by a polygon line c(ty
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/\

Fig. 2.2 Von Koch curve is continuous but not rectifiable

2.1.3 The Length of a C'-Curve

On the other side of regularity, a classical theorem asserts that C!-curves are rec-
tifiable (see [78] for instance). This theorem is a consequence of the mean value
theorem. This strong assumption implies an expression for the length in terms of
the integral of the norm of its speed vector field:

b
I(c) = / ¢! () du, 2.2)

where [ means the Riemann integral.
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2.1.4 An Obvious Convergence Result

By definition, one “approaches” the length of a smooth curve by inscribing a poly-
gon on the curve and evaluating the length of the polygon. The following result is a
simple consequence of the definition.

Theorem 1. Let 6¥ = (tg,t{‘,...,tf, ...,t,’fk)keN be a sequence of subdivisions of a
segment [a,b], with

a=ti<tt<.<tb<..<ib=b

Let
c¢:la,b) > EN

be a rectifiable curve and denote by 1(c* ) the length of the polygon Py of EN defined
by c(tlg)c(t’f)...c(tf)...c(t,’l‘k). If the length of the edges of Py tends to O when k tends
to +oo, then

lim [(P,) = I(c).

k—s 00

2.1.5 Warning! Negative Results

e Note that Theorem 1 needs to ensure that the vertices of the polygons are on
the curve. If one only assumes that they are “close” to the curve, the result fails.
Figure 2.3 shows a sequence of polygons of length 41/2 tending (for the Haus-
dorff topology) to a straight line of length 4 (the polygon lines are not inscribed
on the straight line).

e On the other hand, note that this convergence result is true because we have
assumed an order on the vertices of the polygons. It is clear that if we change
this order, creating new edges and canceling others, the length of the resulting
sequence of polygons does not converge in general to the length of the curve (see
Fig.2.4).

Fig. 2.3 In general, the length functional is not continuous
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Fig. 2.4 In this example, the c(ty)
sequence fo,1y,...,14 iS not c(ty)
increasing and the sequence
of lengths of such polygons
may not converge to the
length of the curve
c(ty)

c(ty)

c(ty)

2.2 The Curvature of a Curve

Although one usually defines the length of a smooth curve as a limit of the length of
polygons inscribed in it, one defines the curvature of a smooth curve differentiating
its tangent vector field. We recall here the classical definition of the curvature of a
smooth curve and the corresponding definition for polygons.

2.2.1 The Pointwise Curvature of a Curve

1. The pointwise curvature of a C*-curve. Consider a C? regular curve
c:1—EN
(for every u in the interval I, ¢’ (u) # 0). We know that ¢ admits a parametrization
y:[0,]] —EV,

by the arc length s, i.e., |Y'(s)| = 1, where [ denotes the length of the curve.
Let ¢ denote its (unit) tangent vector field, i.e., t = ¥’. At a point m = ¥(s), the
curvature k(m) of the curve! is the norm of the derivative ¢ of ¢ (' is orthogonal
tot since < t,t >=1):

k(m) = |t'(s)|. (2.3)

This definition implies that the curvature is a nonnegative function defined on the
curve (Fig.2.5).
Another equivalent definition of the curvature of a curve y at m = y(s) is given by

- 1 Z(Y'(s—h),y'(s+k))
k(m) - hHOIJg?%O* h+k ’ (24)

U If no confusion is possible, we can write k(s) instead of k(m) when m = y(s).
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Fig. 2.5 The orthogonal ¢t
frame (z,#") over a point of a
plane curve

Fig. 2.6 Pointwise convergence

Vit

Fig. 2.7 The angle between two incident edges

where Z(y'(s —h),y'(s+k)) denotes the angle (€ [0,7]) between the tangent
vectors of the curve at the points y(s — &) and y(s + k) (see [41] for instance).
We shall make precise this point of view for plane curves in Sect. 2.4 (Fig. 2.6).

2. The curvature of a polygon at one of its vertices. By analogy with (2.4), one can
define the curvature of a polygon in EV at one of its vertices as the angle of its
incident edges (Fig.2.7).

Definition 2. Let P = v{v,...v, be a polygon in EV. The curvature of P at each
interior vertex v; is the real number
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—_— —
kvi == é(vi,lvi,viviﬂ).

For further use, note that each angle is also the angle between the (correctly
oriented) normals of the corresponding edges.

To end this section, we note that the pointwise curvature of a smooth curve has the
dimension of the inverse of a length. On the other hand, the pointwise curvature of a
polygon is dimensionless, since it is an angle.> However, we shall see in Sect. 2.2.2
that the global (or total) curvature of a smooth curve and a polygon are both dimen-
sionless.

2.2.2 The Global (or Total) Curvature

1. The case of a smooth curve. Let
y:[0,1] - EN

be a smooth regular curve. With the usual notation, one defines the global curva-
ture by integration as follows.

Definition 3. The global curvature of a smooth curve 7 is the real number

K(y) = /0 ' k(s)ds.

The global curvature of a curve is also called the total curvature.

2. The case of a polygon. By analogy with (2.4), one can define the global (or total)
curvature of a polygon in EV as the sum of the angles of its consecutive edges.
With the usual notation:

Definition 4. -
i=n—
K(P)="Y Zwiivifviea),
=1

where each angle belongs to [0, 7].

Using (2.4), Fary [41] was probably the first to prove that the total curvature of
a curve is the limit of the sum of the angles of a sequence of inscribed polygons:
using the theory of the Stieltjes integral, one deduces from (2.4) that

[sas= im0 5, 550 25

Isi=si+1/—0 i

This can be interpreted as follows.

2 That is why some authors prefer to define the pointwise curvature at a vertex of a polygon by
dividing the angle by a length, like half the sum of the lengths of the incident edges for instance.
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Theorem 2. Let ¢* = (tg,t{‘,...,tf, ""t’];k)kEN be a sequence of subdivisions of a
segment [a,b], with

a=t <t <. << ... <if=b
Let
y:la,b] —EN

be a smooth regular curve of EN (parametrized by the arc length). Let (P) N be the
sequence of polygons inscribed in the curve 'y of EN defined by c(tf)c(t¥)...c(tF). ..
c(t,’fk). If the length of the edges of Py tends to O when k tends to infinity, then the
global curvature of Py tends to the global curvature of y:

lim KC(B) = K(7)

In some sense, this means that the sum of the angles between consecutive edges
of a polygon inscribed in the curve gives an approximation of its global curvature.

Let us now mention the famous theorem of Fenchel and Milnor, concerning
smooth or polygonal curves [44]. In our context, this theorem can be stated as
follows.

Theorem 3. Let C be a smooth or polygonal closed curve in EN. Then, the total
curvature of C is larger than or equal to 27:

K(C) > 2=, (2.6)

with equality if and only if the curve is planar and convex.

This theorem has been improved for knotted curves by Fary [41] and Milnor [60]:
if the curve is knotted, then

K(C) > 4. 2.7)

It is interesting to note that Milnor’s proofs (of Theorem 3) use both a discrete and
a smooth approach, approximating smooth curves by polygons inscribed in them
(Fig.2.8).

Fig. 2.8 The total curvature
of this (knotted) curve is > 471
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2.3 The Gauss Map of a Curve

Let us now introduce the Gauss map, with which we can recover the global curva-
ture. Let

y:10,1] — EN
be a smooth curve.
Definition 5. The map
G:[0,]] - SN,
s = 7(s)

is called the Gauss map associated to 7.

Since |G’| =k, the length of the curve G([0,/]) is nothing but the global curvature
K(y) of y (Fig.2.9).

This construction can be generalized to polygons as follows: if P is a polygon in
EN, one can define its Gauss map G as the map which associates to each edge e of
P the unit vector of S¥~! parallel to e (with the correct orientation). The image of
G is nothing but a finite set of points which can be joined by arcs of great circles.
One gets a curve on SV ! whose length is nothing but the global curvature of P, as
defined in Definition 4 (Fig. 2.10).

Y

T ON

K ‘
Fig. 2.9 The Gauss map w’ )
associated to a curve in E* S

Fig. 2.10 The Gauss map
associated to a polygon line
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Consequently, it appears that one can approach the global curvature of a curve
by evaluating the length of the image of the Gauss map of a polygon inscribed in
it. Detailed computations will be made in Chap. 25 for curves in E* and E*. One
might think that this method can be applied for any geometric invariant defined on
any submanifold of EN ,N > 3. In fact, the situation is completely different even for
surfaces in ]E3, as we shall show in the next chapters.

2.4 Curves in 2

One can get sharper results and definitions for plane curves, as we see in this section.

2.4.1 A Pointwise Convergence Result for Plane Curves

The curvature k,, at a point p of a C 2_plane curve y can be evaluated from the angular
defect of a polygon inscribed in it as follows.

Theorem 4. Let p;ppa be three points on 7y, and denote by 1y (resp., N2) the dis-
tance from pi to p (resp., pa to p) and by o the angle between pp and pp>. Then:

o Ifn #m,

T—O
—— =k, +o(l).
7 pto(l)
o Ifn=m=n,
T—O
:kp+0(77)7
where
M+
= T

This theorem can be proven by using a power expansion of the parametrization
of the curve (see [21] for details). Note in particular that the convergence speed is
faster when the two neighbors are located at the same distance from p (Fig.2.11).

2.4.2 Warning! A Negative Result on the Approximation by Conics

Theorem 4 claims that one can approximate the pointwise curvature of a curve by
the angle spanned by two inscribed segments. It may be tempting to get a better
approximation by using an inscribed conic instead of segments. If one wishes to
approximate the curvature of a smooth curve at a point p, one could adopt the fol-
lowing process:



2.4 Curves in E? 23

P1

b2

Fig. 2.11 The pointwise curvature of a smooth curve approximated by the angle

Consider four points g, r,s,t close to p.

Construct the conic C on p,q,r,s,t.

Compute the exact value of the curvature x, of C at p.
Approximate the curvature k, of y at p by k.

These steps are not valid in general, as the following example? shows.
A counterexample. Consider the function

f:R—R,
defined by
gx)Vxt+x ifx>0,
= 2.8
F@) {0 if x <0, (8
where
g:R—R
is a smooth function such that ,
g(x) = n

on the segment [2n1+1 2]

One can check that the function g can be chosen so that f is C* (the delicate point
is the origin 0), has a horizontal tangent at 0, and zero curvature at 0. To construct
an explicit suitable function g, one begins considering a C* map & defined on the
segment [0, 1], such that 2(0) = 0 and A(1) = 1, whose derivatives are all null at 0
and 1. Then, we put

0 if x=0;
g(x) = ¢ 5h7 + 5rh((2n+1)(2n+2)x— (2n+1)), on[5is, 515 (2.9)
1 1 1
b on [Tzﬂ 3

3 Due to Pierre Lavaurs in a private communication.
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ly/, 7
z

Fig. 2.12 At the origin, the curvature of the sequence of dotted hyperbolae tends to infinity, al-
though the curvature of the plain curve is null

The only difficulty is to check that g is C™ at 0 and that all its derivatives are zero at
this point.

Now for each n € N, consider four points a,,b,,c,,d, on the graph of f between
#H and ﬁ Since g equals 2%, on this segment, the five points 0,a,,b,, c,,d, lie on

the hyperbola
y= %\/}T—M
whose tangent at O is vertical and whose curvature at 0 equals %.

When n goes to infinity, we get a sequence of four points a,,b,,c,,d, which
lie on the graph of f, which tends to 0, and such that the associated conic through
0,an,b,,cn,dy has curvature at 0 tending to infinity, although the curvature of the
graph of f at 0 is null (Fig.2.12).

Other types of counterexamples can be constructed by the reader, replacing the
hyperbola by ellipses for instance. The curvature k, at the relevant point p on the
original curve can be zero or not, and the curvature of the sequence of ellipses tend
to a (zero or nonzero) value different to k).

2.4.3 The Signed Curvature of a Smooth Plane Curve

If the smooth curve v lies in E? endowed with its canonical orientation, one can
modify slightly the definition of k to define the signed curvature K at each point
m = y(s) as follows: for s € [0,/], one defines the (unit) normal vector v(s) such that
(¢(s),v(s)) is a direct orthonormal frame at s. We put (Fig. 2.13)

k(m) =<t'(s),v(s) >. (2.10)
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Fig. 2.13 There are two
possible definitions of the
curvature of a plane curve but
the functions k£ and k¥ may t t
only differ in sign

¥ Y
Fig. 2.14 Locally, 6 measures
the angle between the x-axis
and the tangent ¢ of the curve
t(s)
Y(s)
0(s)
>

Then, as before, we define the global (or total) curvature K () of y by

. 1
R(y) = / K(s)ds.
0
One can give an intuitive geometric meaning of the (signed) curvature of a curve: let
y:[0,]] - E?
s =)

be a regular curve parametrized by the arc length and ¢ be its (unit) tangent vector
field. If € is a sufficiently small real number, let us define the map

0:10,e] — [0,2x]
s — 0(s),

which associates to each s € [0, €] the angle 6(s) € [0,2x] which 7(s) makes with
the Ox-axis in E? (Fig.2.14).
Then

t = (cosB,sinB).

If v is a vector field over ¥ such that (¢, v) is a direct orthonormal frame, then
t'=0'(s)v=xv,

where K denotes the signed curvature function of the curve. We deduce that, for
each s € [0, €],

0(s0) = /0 " k(s)ds. @.11)
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Consequently, the integral of x on [0, €] is the variation of the angle 6:

€
/K@mz%—%
0

This implies that the integral of k is perfectly known if one knows the position of
the tangent vectors at the end points of 7.
Globally, let us introduce the Gauss map G associated to :

G:[0,]] - S,

defined by
G(s) = 1(s),¥s € 0.1),

where ¢ denotes the unit tangent vector field over the curve. If d6 denotes the length
form of S!, one has
G*(dO) = «kds, (2.12)

from which we deduce that
. il
sz/xmzﬂm 2.13)
Jo

where K denotes the signed curvature of the curve y and I is an integer called the

rotation number of y. The rotation number is the number of times that the tangent

vector field turns around S' (the sign depending on the orientation of the curve).
Let us end this section with the well-known theorem.

Theorem 5 of Turning Tangents The rotation number of a smooth closed simple*
plane curve equals £1 (the sign depending on the orientation).

2.4.4 The Signed Curvature of a Plane Polygon

One can also assign to each vertex of an (oriented) polygon P of the (oriented) plane
[E? a signed angle as follows: consider any fixed axis, for instance the Ox-axis in E2.
If the interior vertex v of P is incident to the (oriented) edges pg and g7, let

6(pq) €] — 7.

be the angle /(Ox, pq) and
0(qr) €] —m, x|

be the angle /(Ox, gr). We put

6, = 6(pq) — 6(qr).

4 A closed simple curve of the plane is a closed curve without self-intersection points.
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Definition 6. Let P = v;v;...v, be an (oriented) polygon in the (oriented) plane E2.
The signed curvature of P at each interior vertex v; is the real number

Ky, = 0,
As before, we define the global (or total) signed curvature of P by

K(P) = Z K-

Since the sum of the signed curvatures of the vertices of a closed polygon P =
Vi..vi..vpof E? is a multiple of 27, the rotation number of P is the integer I defined
by the equation

K(P)=Y «, =2Ix.

The theorem of turning tangents for simple closed polygons of the plane (corre-
sponding to Theorem 5) can be stated as follows.

Theorem 6. The rotation number of a simple closed polygon equals £1 (the sign
depending on the orientation).

The reader can consult [11,40] for details.

2.4.5 Signed Curvature and Topology

It is important to remark that the rotation number I of a closed plane curve is invari-
ant under isotopy. Consequently, the integral of the signed curvature k of smooth or
polygonal closed plane curves is a topological invariant. On the other hand, the un-
signed curvature k is not a topological invariant: an isotopy of a closed plane curve
changes its total curvature (Fig. 2.15).

C

>

C

Fig. 2.15 An isotopy of the circle C does not change its rotation number (here equal to 1) nor its
total signed curvature. However, its total curvature changes: the total signed curvature of C equals
27 and equals the total signed curvature of C'; the total curvature of C is still 27 but it is different
to the total curvature of C’
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2.5 Conclusion

In this chapter of motivation, we have seen that the length and the curvature invari-
ants of curves can be defined in smooth and discrete contexts. However, even in
simple situations, convergence and approximation results may fail.

The length and the curvature are the only two geometric invariants of curves we
study in this book. They involve the first and second derivatives of the parametriza-
tion. Of course, other curvatures can be defined in a smooth context. For instance,
let us write the Frénet equations for a (regular) smooth curve ¥ in E? parametrized
by the arc length, with (unit) tangent vector ¢:

d

g—é =kn

4 = —kt+ b (2.14)
@ =_1n,

from which one builds the Frénet frame (¢,7,b). Here, T denotes the torsion of the
curve and b the binormal vector field. The torsion 7 involves the third derivative
of the parametrization. We do not deal with this invariant, although a nice theory
should be presented.

Chapter 3 will deal with surfaces, where it appears that the theory of approxima-
tion of geometric invariants is much more complex.



Chapter 3
Motivation: Surfaces

Our goal in this chapter is to point out the difficulties arising when one evaluates the
area and the curvatures of a surface by approximation.

3.1 The Area of a Surface

Let us begin with the area of a surface. We only assume here that the reader is
familiar with the usual notion of area of simple linear objects like triangles and
C'-parametrized surfaces. A deeper summary of measure theory will be given in
Chap. 5 (Fig.3.1).

3.1.1 The Area of a Piecewise Linear Surface

To compute the area of a piecewise linear two-dimensional region, one divides the
region into a partition of triangles, computes the area of each triangle with the fa-
miliar formula — half the product of the base by the height — and then adds all these
areas. The only point to check is that the result is independent of the triangulation
(Fig.3.2).

3.1.2 The Area of a Smooth Surface

If a (bounded) surface S is the image of a parametrization (smooth almost every-
where),
x:U — E?,

29
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Fig. 3.1 The area of the

: i bh
triangle is %

=

Fig. 3.2 The area of T is
the sum of the areas of 7,1,
and 13 T

then the area of S is given by the integral formula
A(S) = / Vdxdxdudy, 3.1)
Js

denoting by (u,v) the coordinates of U. If S is piecewise linear, (3.1) obviously gives
the exact result.!

3.1.3 Warning! The Lantern of Schwarz

From Sects. 3.1.1 and 3.1.2, one could think that the area of a smooth surface can
be computed as the limit of the areas of a sequence of triangulations “tending to it.”
This section deals with the noncontinuity of the area with respect to the Hausdorff
distance: one can construct examples of sequences of polyhedra P, inscribed in a
smooth surface S in E3, whose Hausdorff limit is S, but whose areas do not tend
to the area of S (compare with the case of a smooth curve approximated by a se-
quence of inscribed polygons described in Chap. 2). The classical example of such
a situation is the Lantern of Schwarz [75], which we describe now in details (see
also [11]).

Let C be a cylinder of finite height [ and radius r in E*. Let P(n,m) be the tri-
angulation inscribed in C defined as follows: consider m + 1 circles on the cylinder
C obtained by intersecting C with 2-planes orthogonal to the axis of C. Inscribe in
each circle a regular n-gon such that the n-gon on the slice k is obtained from the
n-gon of the slice k — 1 by a rotation of angle Z. Then, join each vertex v of the
slice k — 1 to the two vertices of the slice k¥ which are nearest to v. One obtains a

! Denoting /dxdx by |dxdx], (3.1) can be written A(S) = [g |dx|dudv.
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Fig. 3.3 Hexagons inscribed
in a circle

Fig. 3.4 The Lantern of
Schwarz

triangulation whose vertices v;; are defined as follows: for all i € {0,...,n— 1} and
forall j € {0,...,m} (Figs.3.3 and 3.4),

(reos(ia),rsin(ia), jh) if j is even,
Vi; =
Y (reos(ia+ %), rsin(ioc+ 5 ), jh) if jis odd,

and whose faces are
Vij V(i+1)j Vi(j+1)»
Vij V(i—-1)(j+1) Vi(j+1)>

where o0 = 27” and h = ”il
Note now that the area of the cylinder is A(C) = 27mrl. On the other hand, the
area A(P(n,m)) of P(n,m) is nothing but the sum of the areas of its triangles. When

n tends to infinity, a simple computation shows that

) / m2mir?
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In particular,

lim A(P(n,n?)) =27rriy/1 @#AC) (3.3)
Jim (P(n,n")) =2mriy/ 1+ yTE ( .
and

lim A(P(n,n’)) = +oo, (3.4)

n—-oo

although C is the Hausdorff limit of both P(n,n?) and P(n,n?).

This example shows that it is possible to find sequences of triangulations in-
scribed in a (smooth) surface S whose Hausdorff limit is C, but whose area tends to
infinity or to a limit different from the area of C. One can visualize this phenomenon
by building developable Lanterns of Schwarz as Figs. 3.5 and 3.6 show.

More generally, it can be proved that for every real number ¢ > 277, there exists
a sequence of Schwarz lanterns whose Hausdorff limit is C and whose areas tend
to .

The consequence of these crucial remarks is that the Hausdorff topology is not
the best one to deal with geometric approximations.

1l

(a) L1 (b) L2 (c) Half cylinder

Fig. 3.5 Examples of half Schwarz lanterns

(a) Unfolded L1 (b) Unfolded L2 (¢) Unfolded half
cylinder

Fig. 3.6 Unfolding of C and of two half Schwarz lanterns closely inscribed in C (the scale is
the same)
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3.2 The Pointwise Gauss Curvature

After giving the basic definition of the Gauss curvature at a point of a smooth sur-
face or a vertex of a polyhedron, this section focusses on the difficulty of getting
pointwise approximations or convergence theorems.

3.2.1 Background on the Curvatures of Surfaces

Let S be a (smooth) oriented surface of the (oriented) Euclidean space [E3. The sur-
face S can be endowed with the Riemannian metric induced by the canonical scalar
product of E*. Classically, the Gauss curvature function G of S can be defined with
the metric on S. In our context, we prefer to define it by using the extrinsic structure
of S. Theorema egregium of Gauss asserts that both definitions are equivalent.

We denote by T'S the tangent bundle of S and by & the unit normal vector field of
S.If pis a point of S, S can be locally defined around m by a smooth immersion

x:U—E3,

where U is a domain of E2. Let (u,v) be a system of coordinates on U.

Since |&] =1, 5
(25, ana (22,

are orthogonal to &, and define a frame of 7),S. Consequently, the differential D
induces a tensor
A:TS—TS,

defined for each vector X € T'S by
A(X)=—Dxé.

The tensor A is self-adjoint with respect to the scalar product < , >: for every
X, YeTs,
<AX),Y >=<X,A(Y)>.

The tensor A is called the Weingarten tensor and its adjoint h, defined for every
X,Y €eTSby
h(X,Y)=<A(X),Y >,

is called the second fundamental form of S. At each point p of S, the eigenvalues
A1, and Ay, of h at p are called the principal curvatures of S at p. At each point p,
there exist two (orthogonal) eigenvectors of A, called the principal directions of S
at p. The integral lines of these principal directions are called the lines of curvature
of S.
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Fig. 3.7 At the point p, the
two principal lines (tangent to
the principal directions) are
orthogonal

The determinant of 7 is the Gauss curvature G, of § at p and half the trace H, of
h is the mean curvature of S at p:

Gp :AIPAZP»
H, = %(2.1[, +2,2p).

Another (equivalent) point of view is to define the principal curvatures and direc-
tions as follows: a geodesic of S is a curve minimizing the distance locally. It is well
known that, at each point p of S and for any (unit) tangent direction X at p, there
exists a unique (local) geodesic Yy tangent to X. When X varies on the unit circle
st T,,S, the curvature k,(X) at p of yx (considered as a curve in E3) is related to
the second fundamental form as follows:

ky(X) = Iy (X, X).

The maximum and minimum of k,(X) are the two principal curvatures 4;, and 1,

of S at p. An extensive study of the local Riemannian geometry of surfaces in E
can be found in [40] (Fig. 3.7).

3.2.2 Gauss Curvature and Geodesic Triangles

Let us present a discrete point of view: it is possible to recover the Gauss curvature
at a point p of a smooth surface S with help of the solid angle of geodesic triangles
incident to p (see [2] for a extensive study). If v,vy,v, are three points on S, the
geodesic triangle with vertices v,vy,v; is the union of the geodesic arc y; joining
v and vy, the geodesic arc 7 joining v and v,, and the geodesic arc 3 joining v;
and v,. If 7 is a geodesic triangle on S, with vertices v,v{,v,, denote by /,1;,l, the
lengths of the geodesic arcs opposite to the vertices v,vq,v,. Finally, let o be the
angle of T atv.

From this geodesic triangle, we construct now an Euclidean triangle ¢ whose
vertices are p, p1, p» in E? and whose edge lengths are

l=|p1p2|,li = |pp2|,l2 = |pp1]-

Let 3 be the angle of ¢ at p. A fundamental result can be stated as follows.
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Lemma 1. The formula

1

cGyhibsina +o(1) (3.5)

B=a+

holds, where [ = max(ly,1).2

Lemma (3.5) means that the Gauss curvature of a surface S at a point can be
approximated (up to order 2) by (a constant times) a difference of two angles 8 — c.
Note, however, that ¢ is not the angle at v of the triangle composed of the chord —
i.e., straight lines — (in E*) joining v,v1,vs. The quantities o and 8 only depend
on the intrinsic Riemannian geometry of S and not on the isometric embedding of
SinE°.

Consider now a geodesic triangulation around p, i.e., a set of n geodesic triangles
incident to p, forming a topological disc around p. Summing (3.5) over all angles
Bi at p and using the fact that the sum of the f3; equals 27, one gets [2]:

Theorem 7.

Alp)
27r—zi:oc,- = TG,,+o(12), (3.6)
where G, is the Gauss curvature of S at p and A(p) denotes the sum of the areas of

the Euclidean triangles t; associated to the geodesic triangles 7; (Figs. 3.8 and 3.9).

This theorem is the heart of [24,25] in which a deep intrinsic discretization of
the curvature tensor is given.

Fig. 3.8 The Euclidean triangle associated to a geodesic triangle on a surface S. The curvature at
v is related to the angle at p and the angle at v by (3.5)

2In this formula, o denotes the Landau notation: 0(72) = 728(1 ), where ¢ is a function tending to 0
when / tends to 0.
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Fig. 3.9 Evaluating the Gauss curvature of a surface at a vertex v of a geodesic triangulation
using (3.5)

Fig. 3.10 The o; are the

v
angles of the triangles incident \
to the vertex v

3.2.3 The Angular Defect of a Vertex of a Polyhedron

Let us now discuss a discrete analogue of the (smooth) Gauss curvature for polyhedra.

Looking at (3.6), it may be tempting to relate the Gauss curvature at a vertex of
a polyhedron to its angular defect (up to a constant of normalization). We give a
precise definition.

Definition 7. Let v be a vertex of a polyhedron P. The angular defect of P at v is the
real number

o, =21—) o,
i
where the ¢; denote the angles at v of the triangles incident to P (Fig. 3.10).
Consequently, a, is null if and only if the 1-ring of triangles around v is devel-

opable (Fig.3.11).
We shall improve this point of view in Chap. 6.

3 Here, the 1-ring of triangles around v means the set of triangles which have v as a commun
vertex, as we will see in Sect. 3.2.4.
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| A
6§\ B VA

Fig. 3.11 If the sum of the ¢; equals 27, then v is developable, i.e., the 1-ring around v can be
“flattened” onto a plane

Fig. 3.12 Approximating p
the Gauss curvature at a point

p of a surface by the solid

angle of the approximating

triangulation at the vertex p

gives in general bad results

Pit1

Note that although the Gauss curvature at a point of a smooth surface is homoge-
neous to the inverse of a surface area, the angular defect of a vertex of a polyhedron
is dimensionless.

3.2.4 Warning! A Negative Result

Theorem 7 is of little help from a practical standpoint since the knowledge of geo-
desics is required. This leads us to replace the length of the geodesics in (3.6) by the
length of their underlying chords, easy to evaluate, and the angles f3; by the angles
between the corresponding chords, still easy to evaluate. However, the result is bad
in full generality (Fig. 3.12).

A deep study of this phenomenon can be found in [20,21]. We summarize here
the main results, by giving a Taylor expansion of the angular defect in terms of the
geometry of the surface around one of its points.

Consider a point p on a smooth surface S together with n Euclidean triangles
{pippi+1} (with p,; = p1), forming a piecewise linear approximation of S around
p. We introduce the following notation:

e The 1-ring around p is the set of points py,..., p, which have a commun edge
with p.
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o The integer n is called the valence of p.

e The plane containing the normal to the surface, p, and p; is denoted by IT;; this
plane is defined by its angle ¢; with respect to some coordinate system in the
tangent plane of S at p (for instance, given by a frame defined by principal direc-
tions).

The Euclidean distance from p to p; is denoted by n);.

The angle at p of the triangle pp;p;; is denoted by ¥;.

The angle between two consecutive normal sections IT; and IT; | is denoted by ;.
To simplify the notations, we put

¢j =cos @, s; = sing;.
Now we put

CcosY;
2 (n2cks?) + 3 2ash)))

A= (MMt (i) +57¢iy) —

4sinYy;
cosy
i= 4smy[nml+1( ¢ l‘2+1) —=(nfc z+771+1cz+1)]

1 29 os%
Asiny; (MiMiv1(sisi1) —

(Th Si + nz+lsz+l)]

Ci=
3.7)

Let

A= ZA,, B= ZB,», C= ch-.
l 1 1

One has the following theorem.

Theorem 8. At each point p of S,
n
2n—Y %= (AG, +BA{ +CA3) +0(n?), (3.8)

where Ay and A, denote the two principal curvatures of S at p.

In full generality, Theorem 8 shows that there is no hope of getting any interesting
approximation of the Gauss curvature of the surface, up to order 2, with the solid
angle of the 1-ring neighbor given by the chords.

The only possibility to improve (3.8) is to find suitable triangulations around p
which cancel the terms B and C. This happens for triangulations having some kind
of regularity. That is why we give the following definition.

Definition 8. Let p be a point of a smooth surface S and p;,i = 1,...,n be its 1-ring
neighbors. The point p is called a regular vertex if:

e The points p; lie in two consecutive normal sections of which form an angle
6 =2

n
e The lengths 7; take the same value 7).

Using these particular triangulations, we get the following theorem.
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Theorem 9. Consider a regular vertex p with valence 6. Then

lim 22 Li% V35
n—0 N2 2

3.2.5 Warning! The Pointwise Gauss Curvature of a Closed
Surface

It is well known that a C*™ closed* surface S in E? has a point p with positive Gauss
curvature. This result fails for closed polyhedra. For instance, there exist embedded
flat polyhedric tori 7 in [E3: each vertex v of T has a null angular defect (o, = 0)
(Figs.3.13 and 3.14).

Fig. 3.13 The point p of

S which is at a maximal
distance from 0 has a positive
Gauss curvature

Fig. 3.14 Here is a flat
polyhedric torus embedded
in E: each vertex has a null
angular defect. This torus has
16 “internal” faces (triangles),
and 8 external faces (trans-
parent rectangles)

4 That is, compact without boundary.
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Such a torus can be constructed as follows: it is the union of n triangles

(Ak,Ak7Bk+3)a

n triangles
(B, Bi—1,Ak-3),
and n rectangles
(AksAkt1,Bit1, Br),

where

2km 2km 2km 2km
Ay = (cos —,sin—,—1) , By = (cos —,sin—, 1).
n n n n

When n > 7, T is embedded in E3.5

3.2.6 Warning! A Negative Result Concerning the Approximation
by Quadrics

We have seen in Sect. 3.2.4 that there is in general no hope of getting a good approx-
imation to the curvature at a point p of a curve 7, by taking four points in general
position on 7 close to p, the conic C containing p and these four points, and com-
puting the curvature of C at p. In the same spirit, there is in general no hope to get
a good approximation to the curvatures at a point p of a surface S, by taking nine
points in general position on ¥ close to p, using the quadric Q through p and these
nine points, and computing the curvatures of Q at p.

More generally, the following situation shows the impossibility of finding “uni-
versal” discrete geometric pointwise quantities to approximate the curvatures of a
surface:

e Consider two surfaces S; and S, whose intersection is the union of two secant
smooth curves ¥ and 5. Let p =y N .

e Suppose that the Gauss curvature G, of S is different to the Gauss curvature
Gzp of S, at p.

e Now, consider four sequences of points g, 7, Ss,t, such that g, pr, are on y; (in
this order) and s, pt,, are on > (in this order), tending to p when n tends to infinity.

e Let 7, be the triangulated surface whose faces are the triangles

pqs, pst, prt, pqt.

Associate to this piecewise linear surface any number §,, called “the curvature”
of T,,. When n tends to infinity, §, cannot tend to both Gy , and G s since these
quantities are different by construction. The same argument can be invoked with
the mean curvatures or any principal curvature (Fig. 3.15).

This point of view has been extensively developed and studied in [84].

3 The author thanks R. Ferréol and G. Valette for interesting private mails on this example.
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Fig. 3.15 Here is the intersection of a hyperboloid (of negative Gauss curvature) and an ellipsoid
(of positive Gauss curvature). This intersection is the union of two curves. By constructing a se-
quence of triangulations inscribed in these curves and tending to one of their intersection point,
(T”)neN’ one sees that any sequence of number §, can converge to both the Gauss curvature of
the hyperboloid and the Gauss curvature of the ellipsoid. This image is courtesy of the LN.R.I.A.
project team Vegas

G(p)

<

SZ

\V’

Fig. 3.16 The Gauss map of a surface

3.3 The Gauss Map of a Surface

3.3.1 The Gauss Map of a Smooth Surface

Let S be an oriented (smooth) surface of E°. The Gauss map associated to S is the
map (Fig. 3.16)
G:5— S,

defined as follows: if £ is the oriented normal vector field of S, then for all m € S?
G(m) = &n.

The relation between the Gauss map G and the Gauss curvature of S can be seen
as follows: if dagz is the area form of S, one has

G* (daSz) = Gdas, (3.9)
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where dag denotes here the area form of S and, as usual, G is the Gauss curvature
function of S (see [11,40] for instance). Consequently, integrating (3.9) gives a
geometrical interpretation of the total Gauss curvature in terms of an algebraic area:

/SG (dagp) = '/SGdas. (3.10)

If the map G is one to one, (3.10) implies that

/Gdaszﬁ:/ dagp, @3.11)
S im (G)

the sign depending on the orientation.

If the map G is not one to one, the interpretation of (3.9) requires care, since some
parts of the image of G are covered many times, introducing an index in (3.11) to
recover a correct equality.

3.3.2 The Gauss Map of a Polyhedron

One can generalize the concept of the Gauss map of smooth surfaces to polyhedra
(see [8]). If P is an (oriented) polyhedron of [E3, the Gauss map associates to each
vertex v of P its exterior angle,6 considered as an oriented subset a, of S? endowed
with an index. This index describes how often a, is covered. For instance, if v is a
convex vertex with respect to P, then this index is 1. For a vertex of saddle type, the
index is —1, and for a monkey saddle, this index is —2. Figures 3.17-3.19 reproduce
the standard cases studied in [8] (we deal with normal vectors instead of normal lines
appearing in [8]).

The interest of this point of view is that it allows Gauss—Bonnet theorem to be
recovered in terms of critical points of height functions in a broad frame including
smooth surfaces and polyhedra.

+1
Fig. 3.17 If v is a convex

vertex of a polyhedron, the
index of a, = 1

6 A precise definition is given in Chap. 6.
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Fig. 3.18 If v is a saddle
point, the index of a, = —1

Fig. 3.19 If v is the vertex of a monkey saddle, each of the three vectors drawn in S? is the (unit)
normal vector of two faces of the monkey saddle. Taking the orientation in account leads to a, = —2

< |

3.4 The Global Gauss Curvature

If S is a closed (oriented) surface of E3, we deduce from (3.9) that its global curva-
ture is given by the following equality:

K(S) = /SG*(daSz). (3.12)

A remarkable relationship relating the global Gauss curvature of a (smooth)
closed surface S to its topology is the Gauss—Bonnet theorem (see [11, 40] for in-
stance): the Euler characteristic x(S) of the surface’ S can be evaluated by integrat-
ing the Gauss curvature function G of S. One has

K(S) =2mx(S). (3.13)

This smooth theorem has a discrete analogue: if P is a polyhedron, its Euler
characteristic ) (P) can be evaluated by summing the Gauss curvature of P at each
vertex [8]:

21y (P) = Y o, (3.14)
v vertex of p
where o, denotes the angular defect of P at v.

7 We assume here that S has no boundary, but an equivalent result is valid for general oriented
surfaces (with or without boundary).
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Fig. 3.20 The area of the
smooth surface S of £ is

approximated by the area of
the polyhedron P (or Q)

By analogy with the smooth case, it is then natural to define the (global) Gauss
curvature of P by setting

K(P) = Y . (3.15)

v vertices in P

This point of view will be generalized to polyhedra of any dimension in Chap. 6.

In our context (of approximation), these fundamental results appear as negative
ones. In fact, this means that the shape of a smooth surface or a polyhedron cannot
be detected by integrating or summing the pointwise Gauss curvature. Deforming
a (smooth or discrete) surface does not change its topology and does not affect its
global Gauss curvature.

3.5 The Volume

Although the volume functional is not continuous on the class of subsets of E?
for the Hausdorff topology, it is interesting to point out that its additivity property
implies simple interesting results concerning its approximation. For instance, if a
three-dimensional (bounded) domain D of E? lies between two (bounded) domains
P, and P»:

PLCDCP,

then the volume of D is bounded from below by the volume of P; and from above
by the volume of P;. If the difference of the volumes of P; and P, is “small,” then a
“good” approximation of the volume of D is given by the volume of P; or P». This
remark gives a simple way to approximate the volume of a domain (with smooth
boundary) by volumes of polyhedra (Fig. 3.20).

The Aim of This Book

The aim of this book is now clear: to construct a theory which allows us to de-
fine geometric invariants (which will be called curvature measures) on a large class
of objects including smooth submanifolds, piecewise linear spaces, convex subsets
(and more generally, singular objects). By using a coherent topology, our goal is to
derive approximation and convergence results.



Chapter 4
Distance and Projection

The objects studied here are subsets of the Euclidean space EV, endowed with its
classical scalar product < .,. >. If
X = ('xl Y ""'xi’ "'7xN)7y = (y] ) "'7yi7 "'7yN)

are two points of EN, then
N

<xy>=)Y xyi
i=1

This scalar product induces a norm on EVY
N
_ 2
x| = in
i=1

d(x,y) =[x —y| = |x].

and a metric d on EVY , defined by

As usual, if x is a point of EN and r > 0 is a real number, the open ball B(x,r) is
the set of points whose distance to x is strictly smaller than r and the closed ball
B(x,r) is the closure of B(x,r), i.e., the set of points whose distance to x is less than
or equal to 7.

4.1 The Distance Function

The distance d on EV can be extended as follows. If m is a point of EY and A is a
(nonempty) subset of EV, one defines the distance d(m,A) from m to A by

d(m,A) = inf d(m,a).

acA
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Fig. 4.1 The tube of radius & K \

of a “full” rectangle A in E

Fig. 4.2 The tube of radius
€ of an “empty” rectangle / \

R in E? is the set of points
which are between the two €
boldface lines <~ |

< - >

NG J

Now, fixing A, one can introduce the distance function d4 as the map
di:EN - RT

by setting, for all m € EV,
da(m) =d(m,A).

We define now the fube around a subset A (Figs. 4.1 and 4.2).

Definition 9. Let A be any subset of EY and £ > 0. The tube or tubular neighborhood
of A is the set of points

Ae = {m € EN d(m,A) < €}.

Using the notion of tube, one defines the most common distance between two
(nonempty) subsets of EV, namely the Hausdorff distance.
Let P(EV) denote the set of all subsets of EV,

Definition 10. The Hausdorff distance d is defined as follows: for all elements P
and Q of P(EV),

d(P,Q)=inf{r>0:PC Q,and Q C P} 4.1)
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Fig. 4.3 The length [ (resp., m’
") denotes the distance from
m to A (resp., from [’ to m').
One has always || —I'| <
|mm'|

One can easily check that d is effectively a distance on the set PC(]EN ) of compact
subsets of EV.
The main properties of d4 are summarized in the following theorem.

Theorem 10. Let A be a (nonempty) subset of EV. Then:

1.ds(m)=0 < meA.
2. The map
dy :EV - R

is uniformly Lipschitz and
Vm,m' € EN dy(m) —da(m') < d(m,m’). 4.2)
3. The map dy is differentiable almost everywhere and
|grad d4| =1, (4.3)

almost everywhere.

The proof of Theorem 10 is classic and left to the reader (see [37] for instance).
We shall improve the equality (4.3) by using the projection map in Theorem 12
(Fig. 4.3).

4.2 The Projection Map

If m is a point of EN, one can consider the subset of points @ € A such that
ds(m) =d(m,a). If A is closed, this subset is not empty. Any point of it is called an
orthogonal projection of m onto A (Fig. 4.4).
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Fig. 4.4 The point m has
three orthogonal projections
onto the curve C

Fig. 4.5 When A is smooth, m
the line pr(m)m is orthogonal
to the tangent space Tj(,,)A

Tpr(m)A

-7 pr(m)

-

Let us denote by Uy the subset of points of EV having a unique orthogonal pro-
jection onto A. On Uy, one can define the orthogonal projection map

pry:Us — A

(if there is no possible confusion, one simply writes pr instead of pr).
Remarks

e Since dy4 is Lipschitz, it is differentiable almost everywhere. Using Theorem 10,
this implies that pr, is defined almost everywhere and EN \ Uy has a null
(Lebesgue) measure.

. . — . . — .

e Moreover, if A is smooth, then pr, (m)m is orthogonal to A, i.e., pry (m)m is or-

thogonal to the tangent space Ty, (A of A at pry(m) (Fig. 4.5).

A

In general, the projection map is not continuous, as the example of Fig. 4.6 shows.
However, by restricting the geometry or the topology of the subset A, one may obtain
continuity. For instance, one has the following theorem.

Theorem 11. Let A be a compact subset of EN. Then, the orthogonal projection
pr:Us — A

is continuous.
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Fig. 4.6 When it is defined, r pr(my)
the map pr, is not continuous L
in general: here, A is the
union of two intervals. When m my
m tends to mo, pry(m) does ~ ~------ & -~ A
not tend to pry (mg) i
o

Sketch of proof of Theorem 11 Let m € Uy, and let p be the projection of m onto
A. Let (my), N be a sequence of points of Uy which tends to m. For all n € N, let
pn be the orthogonal projections of m,, onto A. We shall prove that

lim p, = p.

n—oo
Since A is compact, there exists a subsequence of (p,), <N» Which we still denote

by (pn),n € N, which converges to a point g of A. Since the distance function dy is
continuous, d4 (my,) tends to da(m) = d(m, p). On the other hand,

dy (mn) = d(mn7A> = d(mnvp")

tends to d(m, q). Hence,
d(m,p) =d(m,q).

Since m has a unique projection on A, p = g and

lim p, = p.
n—so0
This implies that all limiting values of the sequence (py), 1y equal p. Classically,
we conclude that the sequence (py), .y tends to p. This implies that the orthogonal
projection is continuous on Uy. [J
The main properties of the distance function are summarized in the following
theorem.

Theorem 12. Let A be a (nonempty) closed subset of EN and let m be a point of EN :
1. If grad ds(m) exists, then m lies in Uy.
2. If m is a point of A such that grad du (m) exists, then

grad dy(m) =0.

3. Forallm ¢ A,

(m)
pry(m)m
rad dy(m) = —/————.
4. dy is C' onint(Uy \ A).

5. df\ is continuously differentiable on int Uy and

grad d3 (m) = 2d(m,pr(m))grad dy (m).
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Sketch of proof of Theorem 12

1. Let m € (EN\ A). Suppose that the function d4 is differentiable at m and that
there exist two different points a,a’ € A such that

da(m) =d(m,a) = d(m,d).

The kernel of the differential Dd4 (m) is orthogonal to the vectors ma and md’,
and its dimension is (N — 1), which is a contradiction. Consequently, there exists
only one point a satisfying da (m) = d(m,a) and m € Uy.

2. Letm be a point of A such that grad d, (m) exists. This point is clearly a minimum
for the function d4, which implies that its gradient is null at m.

3. Let m be a point which does not belong to A. Suppose that grad ds(m) exists.
The gradient grad d, (m) of d4 at m is parallel to the vector md, where a denotes
the (orthogonal) projection of m onto A. On the other hand, since

|da(m) = da(m")] < d(m,m'),
we have |[Dd4 (m)| < 1. Moreover,
dalm+t(a—m)] =da(m) —tds(m).

We deduce that

_ pra(m)m
grad d,(m) = W.

4. The last two items are easy, well known, and left to the reader. [

4.3 The Reach of a Subset

Following Federer [42], we give the following definition.
Definition 11.

1. Let A be a subset of E¥ and a € A. We denote by reach(A,a) the supremum of
real numbers r such that every point of the ball of radius r and center a has a
unique projection onto A (realizing the distance d4 (m) from m to A):

reach(A,a) = sup{r € R for which {m : d(m,a) < r} C Us}.
2. The reach of A is the real number

reach(A) = infreach(A,a).

acA

In other words, reach(A) is the supremum of real numbers r > 0 such that the
orthogonal projection onto A is defined in the tubular neighborhood of radius r.
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For instance, the reach of a circle C of radius r is r since every point of E? except
the center O has a unique orthogonal projection onto C (Fig. 4.7).

Remarks

e If yis a smooth curve in E2 and x € 7. then for all @ € A,
kqreach(A,a) <1, (4.4)

where k, is the curvature of v at the point a.
e If Sis a smooth surface in E> and x € S, then forall a € A,

|h|reach(A,a) <1, 4.5)

where |h|, denotes the norm of the second fundamental form of S at a.

e The example given in Fig. 4.8 shows that the previous inequalities may be strict.
The reason is that the curvatures of smooth objects are local geometric invariants.
However, the reach is both a local and a global invariant.

Of course, convex sets have an infinite reach (Fig. 4.9).
Conversely, the reach of a polygonal line with more than one edge is null
(Fig.4.10).

e I[f the reach of a subset A is r, then every point belonging to the tube of A of radius

r has a unique projection onto A (realizing the distance from a to A) (Fig.4.11).

e
|

|
pr(m)

pr(m)

Fig. 4.7 The reach of a circle
of radius ris r

Fig. 4.8 The reach of the

curve v at the point a is é Itis

smaller than the inverse of the 1
curvature of 7 at this point,
since the curvature at a is 0 a

=2
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Fig. 4.9 Any point in EY
has a unique projection on
the convex subset C; conse-
quently, the reach of C is 4o

Fig. 4.10 The reach of this
polygonal line P in E? is
null since every point of the
bisector has two orthogonal
projections on P

pr(my)

my

pr(my)

my

Fig. 4.11 If C is an ellipse in the plane, Uc = IEZ\D is a tubular neighborhood of C, where D is
the segment joining the two foci. The reach r(C) of C is the distance between one focus and C
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Fig. 4.12 A Voronoi diagram
in [

4.4 The Voronoi Diagrams

If A is a finite subset of EV, one can associate to A a partition of EN, formed with
help of the distance function. We summarize this construction. Suppose that A =
{p1,-..,px}. To each p;, we associate its Voronoi region Vor(p;), i.e.,

Vor(p;) = {x € EN ¢ |x— ps| < |x—p;|,Vj <k}

Here, Vor(p;) is the intersection of the k — 1 half-spaces bounded by the bisector
planes of p; and each of the other points of A. Note that Vor(p;) is a convex polytope.

Definition 12. The Voronoi diagram Vor(A) of A is the cell complex whose N-cells
are the Voronoi regions (Fig. 4.12).

4.5 The Medial Axis of a Subset

Two important tools in surface reconstruction are the medial axis and the local fea-
ture size, much related to the reach. We can define them in full generality.'

Definition 13. Let A be a subset of EV. The medial axis Med(A) of A is the closure
of the set of points which have at least two closest points on A.

Definition 14. The local feature size 1fs(a) at a point a € A is the distance of a from
the medial axis of A.

! There is no uniform definition of these notions in the literature. We give here the simplest one.
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y

Fig. 4.13 Any point on the medial axis has at least two orthogonal projections. One has Ifs(x) =
lx—pr(x) |, 1fs(y) = |y —pr(y)|

In other words, using the notion of reach introduced above, one has
Ifs(a) = reach(A,a).

Note that if A is finite, the medial axis of A is nothing but the boundary of the
Voronoi regions associated to A (Fig.4.13).
Using the triangle inequality, one proves immediately the following theorem.

Theorem 13. Let A be a subset of EV, let a € A, and let x and y be two points of A.
Then
I£5(x) — 1£s(y)] < Jx— ]

Indeed,
Ifs(x) =[x —pr(x)| < [x —pr(y)| < [x—y[+ |y —pr(y)],

from which Theorem 13 follows.



Chapter 5
Elements of Measure Theory

The goal of this book is to associate to a large class of subsets of EV a signed mea-
sure which allows us to evaluate their geometry. In many cases (convex subsets and
smooth subsets), one tool is the computation of the volume of tubular neighbor-
hoods. That is why measure theory is indispensable in our context. We summarize
in this chapter the main constructions and results on outer measures, measures, and
signed measures ([43,53,63] are the basic references).

5.1 Outer Measures and Measures

Although we deal with EV, we begin in a very large framework, defining measures
on any set X. Let P(X) be the collection of subsets of X.

5.1.1 Outer Measures
An outer measure | on the set X is a map
u:PX)— R

such that:

e The empty set @ has measure 0:

e IfA CB,then
u(A) < u(B). (5.1)

57
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e U is countably subadditive, i.e., it satisfies, for any countable family of disjoint

elements of P(X),

1(U,cnAn) < Y 1(Ay). (5.2)
neN

5.1.2 Measures

e Let X be a set. A o-algebra A of X is a family of subsets of X, which contains

the empty set @ and which is closed under countable unions and complements.
This implies in particular that A is also closed under countable intersections and
differences. The couple (X,.A) is called a measurable space.

A measure [L on the 6-algebra A is a map

u:A— R
such that:
— The empty set @ has measure 0O:
u(0)=0.

— W is countably additive, i.e., it satisfies, for any countable family of disjoint
elements of A,

(Unervs) = ¥ 1(A (53)
neN
In particular, this implies that:
— Forevery A and Bin A,
H(AUB) = u(A)+pu(B) —u(ANB). (5.4)
— If A C B, then
1(A) < p(B). (5.5)

We say that the triple (X,.A, ) is a measure space and the elements of A are
u-measurable.

Let P be a property on the point x of (X,.A, ). We say that P is true [-almost
everywhere if there exists A € A of null measure (i(A) = 0), such that the points
x which do not satisfy the property P belong to A.

5.1.3 Outer Measures vs. Measures

There are two main differences between outer measures and measures on a set X:

1. An outer measure measures any subset of X, but is only countably subadditive.
2. A measure is countably additive, but it can only measure the subsets which be-
long to a o-algebra of X.
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Of course, the best situation is the case of a space X endowed with a measure
defined on P(X). This is always possible (for instance, taking the null measure),
but it becomes often impossible if one needs particular interesting properties of the
measure, in particular in EYN (see Sect. 5.3). However, from any outer measure, one
can define a measure on a suitable c¢-algebra. This construction can be done as
follows.

Let X be a set endowed with an outer measure *. A subset A of X is u*-
measurable if, for all B C X,

W (B) = 1w (BNA)+ ' (B\A).

We denote by M« the collection of all pt*-measurable subsets of X.
The following result shows that “the restriction of u* to M+ is a measure. In
particular, if A and B belong to M+,

M(AUB) = u(A)+u(B) — u(ANB). (5.6)

Theorem 14. Let X be a set endowed with an outer measure W*. Then:

o The collection My of all u*-measurable subsets of X is a 6-algebra.
o The restriction of U* to M« is a measure on M.

5.1.4 Signed Measures

The previous context allows us to define the classical N-volume in EV as a Borel
measure on EV. The curvature measures introduced in this book are not strictly
speaking measures, since they may be negative on some Borel subsets of EV. That
is why we must generalize slightly the concept of measure, by introducing signed
measures' on EV.

Definition 15. A signed measure [ on a o-algebra A of X is a map
u:A—R,

which is countably additive, i.e., such that for any countable family of disjoint ele-
ments of A:

e The empty set has measure 0:

1(0) =0.
e The series }, .y H(An) converges.
[ ]
1(U,cnAn) = Y 1(An). (5.7)
neN

Note that a bounded measure is a signed measure, but the converse is wrong in
general.

! Some authors simply use the term measure instead of signed measure. This can be done if no
confusion is possible.
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5.1.5 Borel Measures

Suppose now that X is a topological space. The smallest -algebra B containing the
open sets of X is called the Borel 6-algebra and its elements are called the Borel
sets:

e An outer measure i on X is said to be Borel regular if Borel sets are
u-measurable and every subset of X is contained in a Borel set of the same
U-measure.

e Any measure defined on the Borel o-algebra B is called a Borel measure.

5.2 Measurable Functions and Their Integrals

5.2.1 Measurable Functions

e Let (X,.A) be a measurable space. A function
f:X—R

is measurable if the inverse image by f of any open subset of R belongs to A. In
particular, if A is a measurable subset of X, the characteristic function y, of A,

defined by
) 1 ifxeA,
X)) =
a 0 ifx¢A,

is measurable.

Remark The notion of measurable function can be extended to the case of a set
X endowed with an outer measure (. The definition is modified as follows: a
function

f:X—R

is measurable if the inverse image by f of any open subset of R is a (i-measurable
subset of (X, u).

In the following, we shall essentially deal with measurable functions on a mea-
sure space (X, A, it). The reader will adapt the results to the case of a set endowed
with an outer measure.

e We say that a measurable function f on (X,.A, 1) is simple if it takes only a finite
number of values (o, 1 < i < n). In this case, f~'(a;)(1 < i < n) belongs to A.
Conversely, if (A1, ...,A,) is a (finite) sequence of A and (o1, ..., o) is a sequence
of real numbers, one can define the simple measurable function

n
§ = ZOC,'XA[.
1
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We denote by S (resp., ST) the set of all simple functions (resp., the set of non-
negative simple functions) on X.

Let f be a nonnegative measurable function on (X,.A,u). Then, it can be
proved that there exists an increasing sequence (s,)neny Of nonnegative simple
measurable functions such that

Vx € X, lim s,(x) = f(x).

5.2.2 Integral of Measurable Functions

We can now define the integral of a nonnegative measurable function. We shall re-
strict our attention to a measure space (X,.A, it); the reader will adapt the definition
to a set endowed with an outer measure. We begin with the integral of a simple
nonnegative function.

o Let (A; € A1 <i<n)and (0,1 <i<n)be nonnegative real numbers. Let
s =Y oix(A;) € S be the corresponding nonnegative simple function. We put

/Sdﬂ = i QL (A;).
i1

Here, [sdu is called the integral of s with respect to u. It can be checked that

[ sdu is independent of the decomposition of s and that [ is linear and increasing
onST.
e If f is any nonnegative measurable function on (X,.A, i), we put

/fdu = sup/sdu,s eSt,s<f.
e If f is any measurable function on (X,.A, it), we define for every x € X

JT(x) = max(f(x),0)
S (x) = —min(f(x),0).

Then, £ and f~ are measurable and
f=r—r.
If [ fTdu and [ f~du are both finite, we say that f is integrable and we define

[ fan= [ rrau- [ san.

e If A is measurable and f is integrable, then Y4 f is integrable and we define

[ ran= [uasan.
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e If the reference to the measure is clear, we can simplify the notation by writing

[ faun= [ r

if the reference to the variable x in X is necessary, we write (using classical
notations)

[ fan= [ s@dut) = [ rixax.

The main property of [ is its linearity over R. Moreover, it is an increasing func-
tion: if f and g are measurable functions on (X, .4, 1),

f<g= [ fdu< [ean.

The R-vector space of integrable (real) functions on (X,.A,u) is denoted by
L(X,A,u), or L(X) if no confusion is possible. The main tools of integration the-
ory are convergence theorems. We cannot enumerate them all in our context (Beppo
Levi’s theorem, Fatou’s lemma, etc.), and we only mention one of the most famous
results, Lebesgue’s dominated convergence theorem.

Theorem 15. Ler (X, A, 1) be a measure space. Let g be a nonnegative integrable
function and (fy), cN be a sequence of measurable functions on X such that

lim f,(x) = f(x)

n—oo

for almost every x € X. Suppose that, for almost every x € X and every n € N,

()] < g(x).

Then, for every n € N, f, is integrable, f is integrable, and

tim [ fudu = [ rau.

5.3 The Standard Lebesgue Measure on EY

The purpose of this book being to assign to suitable subsets of EV real numbers
which measure their “shape” and satisfy such natural conditions as the inclusion—
exclusion principle (see (1.2) in the introduction), consequence of an additivity
property of an underlying measure, we need to use the classical measure in EV, i.e.,
the Lebesgue measure. Here, we would like to point out the difficulty of a coherent
construction, due to the fact that one imposes the additivity. In fact, it is tempting to
build a theory, in which one can assign a (non-null) “natural volume” to each subset
of EV which is both additive and invariant under rigid motion. However, it appears
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that this is impossible: for instance for N = 3, using the axiom of choice, one can
prove that there does not exist any function

1 PE) - RY,

additive and invariant under rigid motion, and such that i([0, 1]*) = 1. This leads to
the construction of the Lebesgue measure on EN 2

5.3.1 Lebesgue Outer Measure on R and EV

e We first define the outer measure
L PR)—R"

on R as follows. If A is any subset of R, D4 denotes the family of bounded open
intervals |a;, b;[ such that A C U?"]a;, b;[. We put

VA € P(R),L*(A) =  inf bi — a;).
€ P(R),L*(A) }a,-,h,—l[lé’D(A)Z( a;)

1
It is easy to check that £* is an outer measure on R such that the measure of any
interval is its usual length.

e This construction can be generalized to EY. We call a parallelotope P the product
of N intervals I1 X ... X Iy. We define the N-volume Voly(P) of P as the product
ly...Iy of their lengths /;,1 <i < N:

VOIN(P) :ll...lN. (58)

If A is any subset of E¥, D4 denotes now the family of bounded open parallelo-
topes P; such that A C U°P,. We put

N* _ .
LN (A) —PilenlgA;VolN(B).

The map £V " is an outer measure on EV such that the measure of any paral-
lelotope is its usual N-volume. This outer measure is called the Lebesgue outer
measure on EV. Of course, one can identify R and E', £*and L.

In some sense, there is only one outer measure with “good” properties on EV: it
is the Lebesgue outer measure. This result can be formalized as follows.

Theorem 16. The Lebesgue outer measure LN is the unique Borel regular
translation-invariant outer measure on BN, which assigns 1 to the unit N-cube.

2 We do not cover the extremely important Banach—Tarski paradox, beyond the scope of this book,
see [80] for instance.
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5.3.2 Lebesgue Measure on R and EY

Let M .y be the c-algebra of all LN -measurable sets. It can be checked that every
Borel subset of EV is £V -measurable, i.e.,

BCMLN*,

where B denotes the collection of all Borel subsets of EV (in other words, £V is
Borel regular). The restriction of the outer measure £V " to M o+ (resp., to B) is
a measure which will be called the Lebesgue measure LN on (EV, M on+) (resp.,
(EN,B)).

A function f on EV is called Lebesgue measurable (vesp., Borel measurable), if
the inverse image of any open subset of R is £V -measurable (resp., a Borel subset
of EM).

As for outer measure, the Lebesgue measure is the only one which has “good
properties.” This can be stated as follows.

Theorem 17. The Lebesgue measure LV is the only translation-invariant measure
on (EN, B), which assigns 1 to the unit N-cube.

The Lebesgue measure on (EN ,B) is regular in the following sense:

e The Lebesgue measure of any compact subset of EV is finite.
e For every measurable subset A, £V (A) = inf{LN(U) : A C U, U open}.
e For every open subset U, LN (U) = sup{L"(K) : K C U,K compact}.

Analogous results are true for the Lebesgue measure on (EY, M LN

Important Notation Usually, if A is any Borel subset of EV, £V(A) is called the
N-volume of A (or simply the volume of A if no confusion is possible), also denoted
by Voly(A) (or simply Vol(A) if no confusion on the dimension is possible):

LN (A) = Voly(A) = Vol(A)

(if N =2 itis the area of A and, if N = 1, the length of A).

5.3.3 Change of Variable

In this section, we give the classical theorem of change of variable in a general
setting (see [43]). First of all, we need to define the k-Jacobian J;. f of a differentiable
map f: E" — EP:

e When n = p, this definition is the classical one.

e If f is linear, the k-Jacobian Ji.f of f is the maximal k-dimensional volume of
the image of a k-dimensional cube.

e If f is differentiable at a, then Ji f(a) is the k-Jacobian of Df(a).
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If no confusion is possible, we simplify the notation, writing

Jif(a) =

The classical theorem of change of variable can be stated as follows. We set it in
(E™", B, L").

Theorem 18. Ler | be a differentiable one-to-one map of an open set U of E" onto
a bounded open set V of E". If f~" is continuous, then:

1. For every Borel measurable function g : E" — R, the function
¢:U—E"

defined by

is Borel measurable.
2. Moreover,

[ swacy = [ erwumac:, 59
Vv U

where L} (resp., L1) denotes the Lebesgue measure with respect to the variable
x (resp., y).

5.4 Hausdorff Measures

There are much more general (outer) measures on EV. They are the Hausdorff mea-
sures H*, 1 < k < N [43]. Their definitions use the standard metric on EV and the
Lebesgue measure by, of the unit ball of EX. They are intimately related to the notion
of dimension of a subset of EV.

For each nonnegative number k, the k-Hausdorff measure H¥ is defined as fol-
lows: if A is any subset of EN,

diam P

HE(A) = lim inf Zbk

§—04cup;,diam (P

The infimum is taken over all countable families (P;) which cover A, and whose
elements P; have diameter less than 6 (Fig.5.1).

This definition is not so easy to understand. Let us emphasize on some remark-
able properties:

e k may be any nonnegative real number (the measure is called fractal if k is not
an integer).
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Fig. 5.1 Here is a covering
of a plane curve ¢ by a finite
set of (full) ellipses and
discs of diameter less than
S. The length of ¢ equals its
Hausdorff measure ' (¢)

-« 5>

e A nontrivial fact is that "V and £V coincide on the Borel c-algebra 3:
HY(A) = LN (A) = Voly(A),

for any A belonging to the Borel o-algebra 5.

e In particular, if 7 is a (compact) smooth curve of EV | its length (in the sense of
Sect. 2.1) coincides with its 1-Hausdorff measure. This property can be general-
ized to any submanifold of EV (see Sect. 11.2).

5.5 Area and Coarea Formula

The formula of change of variable (5.9) can be improved by using both Lebesgue
and Hausdorff measures. If A is any subset of E" and y is any point of E”, we put

i(fia,y) = card {x € A: f(x) = y}.
Theorem 19. (The Area Formula) Ler f : E" — E”(n < p) be a Lipschitz map:

1. If A is any measurable subset of E", then

/ To(F)(0)dL"x = / Jilfiay)dH"y. (5.10)
2. If g is any integrable function on E",
/ .8 x)dL"x = / Y g(x)dH"y. (5.11)
E B e )

Theorem 20. (The Coarea Formula) Let f : E" — E”(n > p) be a Lipschitz map.
If A is any measurable subset of E", then

/ 1,(f)(x)d L = / CHPAN S ()AL, (5.12)
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5.6 Radon Measures

Using the topology of EV (in particular, the fact that it is locally compact), one can
specify particular signed measures with help of Borel subsets with compact closure.

Definition 16. A Radon measure denotes a countably additive function
u:CB—R,

where CB denotes the class of Borel subsets with compact closure.

In our context, the curvature measures to be introduced will be Radon measures.

5.7 Convergence of Measures

Since our goal in this book is to obtain convergence and approximation of curvature
measures, we need to introduce the more general notion of convergence of measures.
For simplicity, we only mention here the weak convergence of a sequence of finite
(signed) measures defined on (EV, B). Let us denote by Cj,(E") the set of bounded
continuous functions on EV and by C.(EV) the set of continuous functions with
compact support on EN.

Definition 17. Let (u,), <N be a sequence of (signed) measures (resp., Radon mea-
sures) defined on (EV,B) and let u be a (signed) measure (resp., Radon measure)
defined on (EV, B) (resp., (EN,CB)). The sequence (M), Weakly converges to p
if, for all functions f € CC(EN ),

tim [ fdp, = [ fan. (5.13)

This convergence is called the weak-* convergence by some authors (see [4] for
instance).

Note that if a sequence ('u")nEN weakly converges to U, this does not imply in
general that, for every Borel subset B,

Tim 1,(B) = p(B).

However, when (i), .1y and u are measures in the sense of Sect.5.1.2, and if the
u-measure of the (topological) boundary of B is null, one has the following classical
result.

Theorem 21. Let (U,), N be a sequence of bounded measures® on (EN, B), which
converges to a bounded measure [L in the following sense: for all functions f €

Cy(EN),

3 Thatis, forall n € N, Wy :B— R is a measure in the sense of Sect. 5.1.2.
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tim [ fd, = /IEN fdu. (5.14)

n—oo

Then for every B € 3 such that [L(dB) = 0:

lim p1,(B) = 1 (B).

n—oo

Unfortunately, Theorem 21 cannot be extended to the class of signed measures.



Chapter 6
Polyhedra

Although one could give a general abstract theory of polyhedra, we prefer to restrict
our attention to subsets of EV.

6.1 Definitions and Properties of Polyhedra

We say that (n+ 1) points of EV are geometrically independent if they span an
affine n-dimensional subspace of EV. Let (vo,vi,...,v,) be (n+ 1) geometrically
independent points. The n-simplex spanned by (vo,vi,...,v,) is the convex hull of
(V0, V1, ..., V), i.e., the set 6" of all points x € EY which can be written as

e Usually, 2-simplices &

n n
x= Zt,-v,-, where Zti =1. 6.1)
i=0 i=0

A simplex is obviously convex. Let us now recall standard definitions:

The integer 7 is the dimension of c”.

The points vg, vy, ..., v, are called the vertices of ¢”.

A simplex spanned by a subset of vy, vy, ...,v, is a face of ¢".

The union of the faces of 6" of dimension k < n defines the boundary do" of
o".

The interior int(c) of o is the set 6\do.

Usually, 1-simplices ¢! are called edges and denoted by the letter e.

2 are called triangles and denoted by the letter 7.

Note that an n-simplex is homeomorphic to a (closed) ball B", the homeomor-

phism sending the boundary of ¢ onto the boundary of B" (Fig. 6.1).

We can now define the notion of simplicial complex.

71
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1—simplex 2 —simplex 3 —simplex

Fig. 6.1 1,2,3-simplices in E*

Fig. 6.2 A two-dimensional
simplicial complex

Definition 18. A simplicial complex C in EV is a union of simplices of EV such
that:

e Every face of a simplex of C lies in C.
e The intersection of any two simplices of C is either empty or a face of each of
them.

The dimension of C is the maximum of the dimensions of its simplices.

Note that a simplicial complex admits a natural topology.

This book will make use of different kinds of polyhedra (essentially polyhedra
endowed with a triangulation). There are many different possible definitions (de-
pending on the goal of the author). Let us give some general ones.

Definition 19.

e A triangulation of a topological space X is a pair (C,h), where C is a simplicial
complex and /4 is an homeomorphism between C and X.

e A polyhedron embedded in EV is a simplicial complex of EY homeomorphic to
a (piecewise linear) topological manifold (with or without boundary).

For instance, the simplicial complex of Fig. 6.2 is not a polyhedron, since it is
not homeomorphic to a topological manifold.
Remark that (Fig. 6.3):

e By Definition 19, any polyhedron admits triangulations.
e A polyhedron in EY admits a piecewise linear flat metric, since each of its faces
is a portion of an affine (flat) subspace of EV.

We give the following definition.
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Fig. 6.3 A two-dimensional

polyhedron in E* without
boundary

Fig. 6.4 The small black
spherical triangle is the basis
of the normal cone L(e,o?)
atg

Definition 20. Let ¢! be an [-dimensional face of a k-simplex o* (I < k). Let ¢ €
int(c?). The following notions are independent of g:

1. The normal cone C*(o',6%) to o' relative to the interior of o is defined as
follows:

Ct(c!,6") = {xeint(c") : gre o'}
2. The basis of the normal cone C* (o, 6%) to o' is
L(o',6") =ct(c!,cF)nskI71,

where S¥~'~! is the unit sphere centered at g (Fig. 6.4).

3. The internal dihedral angle (!, o) is the measure of L(c’, o) with respect to

the standard measure on S¥~/~1.

4. The normalized internal dihedral angle (o', 6¥) is the quotient of (¢!, %) by the
standard measure s;_;_1 of skt

—_~—

(o',0%)

! <k
0,0 )= .
( 7 ) Sk—1—1
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Fig. 6.5 The external dihedral
angle of this triangle at a
vertex v is the measure of the
black angular sector

—~—

5. The external dihedral angle (67, 6%)* is the measure of the subset of S¥~/~! ob-
tained by intersecting S*~/~! with the half-lines whose origin is g, and making
an angle greater than £ with the interior of o* (Fig. 6.5).

6. The normalized external dihedral angle (o, 6%)* is the quotient of (c/, 6%)* by

the standard measure s;_;_; of S/~ 1

et
(Gl,ck)* — ( ’ ) )
Sk—1-1

This definition generalizes directly the angular defect for vertices of one- or two-
dimensional polyhedra of 3, mentioned in Sect. 3.2.3.

6.2 Euler Characteristic

If C is a simplicial complex, the Euler characteristic x(C) of C is the integer
2(C) =Y (~1)'a(0), (6.2)
i

where o;(C) is the number of i-simplices in C. A simple computation shows that
x(C) is independent of the decomposition of C into simplices (Fig. 6.6).

Fig. 6.6 The Euler character-
istic of this gray triangulation
Cisx(C)=6-9+3=0
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6.3 Gauss Curvature of a Polyhedron

We introduce now the discrete notion of Gauss curvature of a polyhedron at each
vertex ¢, generalizing Definition 7. We shall see in the following chapters the
relations between this discrete notion and the classical Gauss (or total) curvature of
a smooth submanifold at a point.

Definition 21. If v is a vertex of a simplicial complex C, the Gauss curvature of v is
the real number

G=Y(1) ¥ (no)" 63)

veoicC

Let us now show that this point of view is coherent with Sect. 3.4. Suppose that
P is a two-dimensional polyhedron of E? and v is a vertex of P. Let ti,1 <i<p,be
the triangles incident to v and @; be the angle of ¢; at v. Then!

G, =1-

N\"U

117
EZE o),

i=1
i.e. (Fig.6.7),

1 P
Gv=7- [27 — ; o). (6.4)

A discrete version of the Gauss—Bonnet theorem relates the Euler characteristic
of a simplicial complex C to the (normalized) exterior angles of the vertices of C [8].

Theorem 22. (Gauss—Bonnet Theorem) Let C be any simplicial complex (Fig. 6.8).
Then,

Y G, =x(C). (6.5)

veC

3
Fig. 6.7 By definition, the
discrete Gauss curvature
G, of this two-dimensional

polyhedron at the vertex v is
=Rr—Y! | al

! This computation uses the values of the volumes of S” and S, given in Chap. 10. In particular,
the volume of S¥ is 2, since SO is reduced to two points.
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Fig. 6.8 This is a reconstruc-
tion of a heart obtained by
the triangulation of a cloud
of points. This image is cour-
tesy of Herve Delingette,
LN.R.ILA. Asclepios Team

6 Polyhedra




Chapter 7
Convex Subsets

There is an abundant literature on convexity, crucial in many fields of mathemat-
ics. We shall mention the basic definitions and some fundamental results (without
proof), useful for our topic. In particular, we shall focus on the properties of the
volume of a convex body and its boundary. The reader can consult [9,71,74,79] for
details.

7.1 Convex Subsets

7.1.1 Definition and Basic Properties

Definition 22.

e A subset K of EV is called convex if for all p and ¢ in K, the segment [p, g] lies
in K (Fig.7.1).

e A compact convex subset K of EV is called a convex body if it has a nonempty
interior (Fig. 7.2).

e The boundary dK of a convex body K is called a convex hypersurface.

We shall denote by C (or CEN if we need to be more precise) the space of convex

subsets of EN. We denote by Cp (resp., C.) the space of convex bodies (resp., com-
pact convex subsets) of EN. The space C., endowed with the Hausdorff metric, is a
complete metric space [9, Tome 3,12.9.1.2].

Proposition 1. Let (IC,), . be a sequence of convex subsets of EN whose Hausdorff
limit is the subset IKC. Then, IC is convex.

Moreover, any convex body of EV can be approximated by compact convex poly-
hedra [9, Tome 3,12.9.2.1].

Proposition 2. Let K be a convex body of EN. Then, K is the Hausdorff limit of a
sequence of compact convex polyhedra (Fig.7.3).

77
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Fig. 7.1 The subset on the /eft is a convex subset of Ez, the one on the right is nonconvex

Fig. 7.2 A convex body K
.3
inE

Fig. 7.3 A sequence of con-

vex subsets /C,, in E? tending
to the (convex) ellipse E

For our purpose, the orthogonal projection (with respect to the usual scalar prod-
uct of EV) is one of the main tools. We mention here classical properties of this map
in the convex context. Basically, we need a deep study of two types of projection:

1. The first one is the projection of a convex subset onto an (affine) subspace of
EN [9, Tome 2,9.11.6 and Tome 3].

Proposition 3. Let P be any vector (or affine) subspace of EN and let K be a
convex subset of EV. Then:

e The orthogonal projection pr(KC) of KC onto P is convex (Fig.7.4).
o The map pr: C]EN — Cp is continuous for the Hausdorff topologies.
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Fig. 7.4 The projection of a
convex subset onto an affine
subspace is convex
K

Fig. 7.5 The point p has a
unique orthogonal projection
onto the convex subset K

pr(p)

2. The second one is the projection of E onto a convex subset.

Proposition 4. Let KC be a compact convex subset of E. Then every point of EN
has a unique orthogonal projection onto K. This map is continuous on EN and
differentiable on EN \ K (Fig.7.5).

For details of the proofs, see [9].

7.1.2 The Support Function

Let us now introduce the support function of a convex body K of EV (see [71,
Sect. 13] for instance). We denote by /i the support function of IC, i.e., the map

hi : sV R,

defined by
hic (&) = maxpex <m,& > .
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Fig. 7.6 The support func- m

tion. Here, hg (&) =< mp, & > * — 3
&

1

&

\
Y

For every & € S¥™!, K lies in one of the two half-spaces determined by the support
hyperplane (Fig.7.6)

H={mcEN :<m& >=hc(E)}.

A convex body is completely determined by its support function (see [9, Tome 3,
11.5, p.43] or [74, p.38]). Moreover, if /C and £ are two convex bodies, then their
Hausdorff distance d (K, L) can be evaluated in terms of their support functions:

d(K,L)= sup |hx(§)—hc(S)l.
eeSV!

This implies the following proposition.

Proposition 5. The topology determined by the Hausdorff distance coincides with
the topology of uniform convergence of support functions on the class of (compact)
convex subsets of EV.

7.1.3 The Volume of Convex Bodies

We shall concentrate on the restriction of the N-volume functional Voly to the class
C. of compact convex subsets of EV. As we have seen in Chap. 5, the volume defined
for subsets of EY can be considered without distinction as the Lebesgue measure or
as the N-Hausdorff measure on EV.

The N-volume functional is obviously not continuous on the class of compact
subsets of EV endowed with the Hausdorff topology. A simple argument is to say
that, if X is a compact subset of EN , the finite subsets of X are dense in the set
of compact subsets of X, endowed with the Hausdorff topology, and the N-volume
of each finite subset is null (see [9, Tome 2, Chap. 9] for instance). However, the
restriction of the N-volume to C, is continuous for the Hausdorff topology.

Theorem 23. If K, is a sequence of (compact) convex subsets whose Hausdorff limit
is the convex subset K, then

lim Voly (C,) = Voly (KC). (7.1)

n—oo
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Fig. 7.7 A convex subset K
between two close polyhedra

Sketch of proof of Theorem 23 We apply the following result (whose proof is easy
and left to the reader). [

Lemma 2. If K is a compact convex subset of EN and € is a positive number, there
exist two polyhedra Py, P, such that Py C IC C P, and

IPLNK=0PL,NK =0,

satisfying (Fig.7.7)
[Voly (Py) — Voly ()] < e. (7.2)

Now, let K, be a sequence of compact convex subsets of EV whose Hausdorff
limit is a compact convex subset /C. Let € > 0 with Py, P, as before. If we choose p
large enough to ensure that d(C,K,) <1 and P; C KC, C P», then

|V01N(K:p) —VOIN(’C)| < |V01N(P]) — VO]N(P2)| <eE&. (73)

Then
lim Voly (IC,;) = Voly (K).

For details, the reader can consult [9, Tome 3,12.9.3].

7.2 Differential Properties of the Boundary

We now deal with the (topological) boundary & of a convex body of K of EV.
By definition, K is the subset of points belonging to the closure of K and to the
closure of the complement of . Locally, dK is the graph of a Lipschitz function
defined over one of its support hyperplanes H. It can be proved that this function is
(convex and) twice differentiable £V~ !-almost everywhere on H (see [1,72]). We
deduce the following theorem.

Theorem 24. The boundary dK of a convex body K of EV is £LN'-almost every-
where a twice differentiable hypersurface.
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Consequently, the boundary dK of a convex body K admits a unique outward
unit normal vector field & defined on an open subset U,y of dK of full measure,'
on which it is continuous. Then, at each point m of Uy, one can construct the
outward unit normal vector &, and the normal line L, to d/C at m.

We mention (without proof) the classical theorem.

Theorem 25. Let K,, be a sequence of convex bodies of EN whose Hausdorff limit is
the convex body K. Let m € Uyg and let m,, be the sequence of points which are the
intersection of Ly, with dK,. If m € Uy (resp., my, € Uyx., for every n € N), then
(with obvious notations)

lim &, = &,.
n—oo

7.3 The Volume of the Boundary of a Convex Body

If K is a convex body, Sect.7.2 shows that there are many ways to compute the
(N —1)-volume of dK:

1. We can compute its (N — 1)-Hausdorff measure H¥~!(dK), considering 9K as
any subset of EV.

2. We can avoid the points of dC which are not differentiable and compute the
(N — 1)-volume of the resulting (smooth) hypersurface.

3. We can compute the supremum of the (N — 1)-volume of the boundary of the
compact convex polyhedral bodies included in K.

4. We can compute the infimum of the (N — 1)-volume of the boundary of the com-
pact convex polyhedral bodies which contain /C.

It appears that all these four quantities coincide. 1t is the (N — 1)-volume
Voly_1(dK) of K. This result is not trivial, beyond the scope of this book [9,
Tome 2 and 3].

Let us focus our attention on two properties of the boundary of a convex body:

1. The first asserts that one can approximate the (N — 1)-volume of the boundary
dK of a convex body K by the (N — 1)-volume of the boundary of another convex
body “close to it.”

2. The second asserts that one obtains the (N — 1)-volume of the boundary dK of a
convex body K by integration over all hyperplanes H of the (N — 1)-volume of
the projection of K onto H.

Let us now be more precise:
1. A convergence result

Theorem 26. Let K, be a sequence of convex bodies of EN whose Hausdorff
limit is the convex body K. Then

! That is, such that the (N — 1)-volume of Uy, equals the (N — 1)-volume of dK.
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lim VOlel (81Cn) = VO]Nfl (8/C)

Note that this result is wrong if the /C, are not convex (see the example of the
Lantern of Schwarz in Sect. 3.1.3).

Sketch of proof of Theorem 26 Using the area formula (see Theorem 19), this
result can be deduced from Theorem 25: consider the orthogonal projection pr,,
of /C,, onto K. Its Jacobian J, tends to 1 when n tends to infinity. Consequently,

lim Voly_; (dK,) = lim [ dvg, =

—o0 —00
n n KV!

lim Jnd\/;c = / dv;c = VolN_1(8IC).
n—e JiC K

Another direct way is to use the definition of the (N — 1)-volume in terms of
supremum (or infimum) of polyhedra included in (or containing) K. See also [9,
Tome 3, 12.10]. O

2. An integral formula
The Cauchy formula relates the (N — 1)-volume of dK and the (N — 1)-volume
of the projections of K onto hyperplanes of EV (see [73, Chap. 13] for details).
The formula can be stated as follows.

Theorem 27. (Cauchy Formula) Let K be a convex body of EN. Then

1

VO]N_l ((9/C) = m

[ g Vol (e )aE. A

where Kp& 1 denotes the orthogonal projection of KC onto the hyperplane E*.

Of course, using the twofold covering of S¥~! onto the Grassmann manifold
G(N,N —1) of (unoriented) (N — 1)-subspaces of EV, one can integrate over
G(N,N — 1), endowed with its standard invariant Haar measure (see Chap. 10).
Since the volume of G(N,N — 1) is one half the volume of S¥~!, one obtains

2

VOIN(8IC) = 7(1\7_ 1)SN,]

/ VOIN,l(’CPNfl)dvG(N,N,l), (7.5)
G(NN-1)

where Kpy-1 denotes the projection of & onto the hyperplane PV~
Sketch of proof of Theorem 27

e This theorem is easy to prove for a convex polyhedron K:

(a) In fact, almost every (N — 1)-hyperplane P of EV is transversal to the
boundary of . The sum of the volumes of the projections of the (N — 1)-
faces f of the boundary of I onto P equals twice the volume of the projec-
tion of K onto P. Then we have

Y Voly_i(prpf) = 2Voly_1 (prpK). (7.6)
f
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(b) Note that, for every (N — 1)-face f of K, we have

VOlel(prPf) = ‘ < 5, V> ‘VOlel(f), (7.7)

where € is a unit vector normal to P and Vv is a unit vector normal to f.
Then

/ Voly_1 (Kpn-1 )dVG(MN—l)
G(N,N—1)

1
= 2;V01N|(f)/§ESNl | <&,np> |dVSN—l.

(c) We conclude by using the twofold covering of G(N,N — 1) onto SM=! and
using the well-known following equality: for any fixed unit vector v,

/éeSNfl [<&,v> |deN71 =2(N—1)sy_1, (7.8)

where sy_; denotes the (N — 1)-volume of SV~

e We extend this formula to any convex body by continuity of the (N — 1)-
volume function over the convex subsets of EV, using Theorem 26: let K be
a convex body of EV and let (ICn),,eN be a sequence of convex bodies with
polyhedral boundaries whose Hausdorff limit is K. Then, for every hyperplane
PN of BV,
lim Voly_ (IC,,PN*I ) = Voly_1 (Kpv-1).

n—oo

On the other hand,

lim Voly_ (dK,) = Voly_1 (dK),

n—o0

from which we deduce Theorem 27 in the general case. [

7.4 The Transversal Integral and the Hadwiger Theorem

A general introduction to valuations can be found in [56] and an introduction to the
integral geometry of convex sets can be found in [73, Chap. 13] with all details.?

7.4.1 Notion of Valuation

We restrict our attention to the set C. of compact convex subsets of EV.

2 The indexing conventions are different in these two books. This may induce confusion for the
reader.
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Definition 23. A valuation on C, is a map
o:C.— R,

such that:

e Forall A,B € C such that AU B is convex,
P(AUB) =P(A) +P(B) —P(ANB).
e d(0)=0.

Note that the N-volume defines a valuation on C, as well as the (N — 1)-volume
of the boundary. We have seen that the (N — 1)-volume of the boundary of a compact
convex subset of EV can be expressed via the Cauchy formula (Theorem 27) as an
integral on a suitable Grassmannian manifold. We shall see in Sect. 7.4.2 that all the
valuations on C, can be obtained in such a way.

7.4.2 Transversal Integral

We introduce particular valuations called the transversal integral. They are the inte-
gral of the volume of the projections of a convex body over G(N, k) (where G(N, k)
denotes the Grassmannian of (unoriented) k-planes in EY, endowed with its standard
Haar measure).

Definition 24. Let K be a convex subset of EV. Let PN~* be any (N — k)-vector
subspace of EV. Let ICpn—i be the orthogonal projection of K onto PV~*. The k-
transversal integral of K (1 < k < N) is the real number

Wk(’C) = C(NJ()/ VO]N*k(ICPN—k)dvG(N,ka)a (79)
G(N.N—k)

with
(N—k)  Sk...50

N,k) =
C( ’ ) N Sp—2---SN—k—1

(s; denoting the i-volume of the unit i-dimensional sphere).

By convention, we put Wy (K) = Vol(K). Note that NW,(K) is the (N —1)-
volume of the boundary of K. Moreover, the W, satisfy the following properties.

Proposition 6. For every k,0 <k < N:

o W, is a valuation on C,.
o W, is invariant under rigid motions.
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o Wy is continuous on C. for the Hausdorff topology.
o Wy is homogeneous of degree N —k, i.e.,

Vo e R, Wi(ak) = o Wi (K).

The proof is easy and left to the reader. However, we need to insist on the fact
that the continuity property is a consequence of the continuity of the volume in C,
for the Hausdorff topology.

7.4.3 The Hadwiger Theorem

The crucial point is now the following result [55, 9.1.1].

Theorem 28. of Hadwiger The valuations (Wy)o<r<n (defined on the class C. of
compact convex subsets of EN) form a basis of the vector space of all valuations
on C,, continuous for the Hausdorff topology and invariant under rigid motions.
Moreover, if @ is any valuation on C. continuous for the Hausdorff topology, invari-
ant under rigid motions, and homogeneous of degree N — k, then there exists a real
number ¢ such that ® = ¢cW,.

The proof of Theorem 28 is a consequence of the following result.

Proposition 7. Let ® be any continuous valuation invariant under rigid motions on
Ce. If @ is null on all (compact) convex bodies with empty interior, then ® is propor-
tional to the volume, i.e., there exists a constant Ay such that for every (compact)

convex body K,
D(K) = Ay Vol(K).

Sketch of proof of Propesition 7 The proof is long and technical. Let us only give
an idea. Consider the unit cube [0, 1]V. Put

@([0,11V) = Ay.
Using the additivity of the valuation ®, we see easily that
®([0,1/kN) = kN .

It remains to deduce that
®(B) = Ayvol(B)

for any box B and then that
D(K) = Ayvol(K)

for any convex body. The difficulty comes from the fact that convexity is not stable
by union. The reader can consult [56, Theorem 8.1.4 and Chap. 9] for details. [J
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Using Proposition 7, Theorem 28 can be proved by induction: let ® be any con-
tinuous valuation invariant under rigid motions on the set of convex bodies of EV.
Let P be any hyperplane of EV and denote by P|p the restriction of d to P. If C is
any convex body of P, then by assumption

N-1
Qp(C) = ; 2®;(C).

Consider now the map
N—1

D— ) AP

i=1
as a valuation invariant under rigid motions on the set of all convex subsets of EV. It
is clear that the (continuous) valuation ® — ):f/: _]1 A;®; is null for any convex subset
of EN which is not a body. Since & — Z?’: j' A;®; is continuous, we deduce that
(- ):fi ’11 A:®;) is proportional to the volume ®y of EV:

N—1

b — )L,'CD,' = ;LNCIDN.
i=1

This implies that

Remark It is interesting to note that Klain [55] proved in 1995 that Theorem 28 and
Proposition 7 are actually equivalent.

As an application of the Hadwiger theorem, we can deduce the Kubota formula
(see [73, p.217] or [55, p. 126]).

Theorem 29. (Kubota Formula) Le K be a convex body of EN. Then

2(N-1)

Wi (K) = o

/ Wit (Kpy-1)dvgivn-1)- (7.10)
G(NN-1)

Noting that S¥ ! is a twofold covering of G(N,N — 1), Theorem 29 can be stated

as follows:
(N-1)

nsy—2

Wi (K) = / o Wit (KL )dE. (7.11)
&eS
Proof of Theorem 29 The map

V:C.—R

defined by
V(K) = / Wiy (KCpy1)dPN !
G(N.N—1)
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is continuous (for the Hausdorff topology), invariant under rigid motions, and ho-
mogeneous of degree N — k. Then, we can apply Theorem 28, which shows that VV
is proportional to W;. The constant of proportionality can be computed explicitly
by testing the formula on a ball. [J



Chapter 8
Differential Forms and Densities on EY

Curvature measures will be defined by integrating differential forms. Let us intro-
duce their definitions, beginning with exterior algebra in a vector space and con-
tinuing with the smooth category. We only give here a brief survey. See [59] for a
complete one.

8.1 Differential Forms and Their Integrals

8.1.1 Differential Forms on EN

1. The algebraic point of view. Let EV be the N-dimensional Euclidean space and
EN" be its dual. We denote by AE" the exterior algebra of EY and by A*EN the
exterior algebra of EN". As usual, one can write

AEN = oY (AEN,

where AgEY =R and A E" denotes the Ck-dimensional vector space spanned
by elements of the form vi A ... A vy, each v;(1 <i < k) lying in EV.

Similarly, we denote by A*E" the dual space of AE" and, for all k, by AKEY
the dual space of A,EY. We have

AEN = o AFEN,

where A’EN = R and AE" denotes the Cﬁ,-dimensional vector space spanned
by elements of the form vi A... A vj\%‘, each vj(1 <i<k) lying in EN.

A k-vector is an element of A [E™ and a k-covector (also called a k-form) is an
element of AKEN. A k-vector z (resp., k-covector z*) is simple or decomposable
if it can be written as a wedge product of k vectors (resp., k covectors):

2= AL Avgv e EV 1 <i<k
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(resp.,

F=ViALAVEVEEEN 1 <i<Kk).
If

e1 =(1,0,...,0),....,ey = (0,...,0,1)

is the standard basis of EV, then a basis of A EY is given by the decomposable
k-vectors
e, /\.../\e,-k,l < <..<ig<N.

If 0',...,0" is the dual frame of e, ..., ey, then a basis of AKEV is given by the
decomposable k-covectors

O A.ANOK1<i<..<ip<N.

In particular, AyE"Y and AVE" have dimension 1. The N-covector 8! A ... A OV
is a frame of AVEN. 1t is called the standard orientation of EN.

For every k,1 < k < N, the space AXEY is endowed with its classical operator
norm, defined as follows: if @ € AFEN ,

|®| = sup{< @,z >,z simple k-vector of EV}.

An important remark. Using the standard scalar product <,> on EV, we often
identify a vector v with its corresponding 1-form < v,. >. Consequently, e; is
identified with 6 and the N-vector e; A ... A ey is identified with the orientation
' A...ABN.

2. The differential point of view.

e The space D*(EN). Let x be a point of EV. One can identify T,EY with EV
and AkY}EN with AEN. In such a way, one constructs a vector bundle over
EN whose fiber over a point x is AKT,EN ~ AKEN. A k-differential form on
EV is a C*! section of this bundle.

Remark In particular, any N-differential form @ of EV can be written

o = fay,

with wg = 8" A... A @V, f being a C* real function.
The space of k-differential forms on EV is denoted by D*(EN). It has a natural
module structure on C**(EV).

We endow DF(EN) with the topology spanned by the family vk of semi-
norms defined for every integer [ and every compact subset K of EV as fol-
lows: if

o= Z f<,»lm,~k)6"1 VARYAN Bik,
0.0k
then ‘
Vi (@) = sup{|d’ f;, i (¥):x €K,0< j <1}

! In general, C? will be enough in this book.
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e The space D*(EV). Let us now make precise the notion of support of a dif-
ferential form. If @ is a k-differential form, the support spt(®) of @ is the
closure of the set of points x such that @, # 0. If K is a compact subset of EV,
we denote by:

- Dll} (EN) the (closed) subspace of k-differential forms whose support is in-
cluded in K, endowed with the induced topology.

— DKEN) the union of DX (EN) over all compact subsets K of E, i.e.,
the subspace of k-differential forms with compact support. The space
D’I‘((EN ) is endowed with the largest topology such that the inclusion of
each Dk (EV) into D¥(EV) is continuous.

(The reader can consult [43, pp. 343-346] for details.)
o The exterior derivative. We denote by d the exterior derivative:

d : DNEN) — DM I(EN).

The operator d satisfies
d*=0.

e Pullback of a differential form. Let
fEV S EY

be a differentiable map. Let @ be a k-differential form on EV ", One defines the
k-differential form f* () on EV (called the pullback of ) as follows:

X1, Xe € TEY, £(0) (X Xi) = O(dF(X0),ond fX)). (8.1)
In particular, if k = N = N’, a simple computation shows that
[Ho)=J(f)o, (8.2)

where J(f) denotes the Jacobian of f.
The pullback commutes with the exterior derivative: for every map f :
EN — EN and every k-differential form @ on EN /, one has

frdo =d[f* . (8.3)

8.1.2 Integration of N-Differential Forms on EN

Let EV be the N-dimensional Euclidean space endowed with its standard orientation
@y. We have seen that any N-form @ on EV can be written as @ = fy, where f is
a smooth function on EV. If f is Lebesgue integrable (see Sect. 5.3), we put

/a):/deN.
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This construction can be obviously extended to differential N-forms which are “less
smooth,” i.e., to differential N-forms of type @ = f@¢ such that f is only integrable.
Note, however, that “f positive” does not imply that [, o is positive. Consequently,
strictly speaking, the map

cannot induce a (positive) measure on EVN.

8.2 Densities

8.2.1 Notion of Density on EV

As we have seen in Sect. 8.1.2, integration of differential forms on EN does not
allow us to define a measure on it: the result of the integration over any Borel subset
may be negative. To avoid this difficulty, one introduces the notion of density:

e Algebraic point of view. A density on EV is a map
§5:EV - R,
such that there exists a nonzero N-form o € AN (EV) satisfying
0(X1,., XN) = |a(Xy, ... XN)|.

There is a canonical density & on EV associated to @y (or equivalently, associ-
ated to the determinant with respect to an oriented orthonormal frame):

8()(X1 s ...,XN) = \det(Xl, ...,XN)| = /det < Xi, X >.
Clearly, two densities 8 and 8’ on EV are proportional:
8 =ad,acR".

e Differential point of view. We can extend this construction: a (differential) density
on EV is a map
6. : T.EN =R,

defined at each point x of EN , such that there exists a differential N-form, differ-
ent to zero everywhere, such that

Vx € BN Xy, ... Xy € TEN, 8:(X1,.... Xy) = |ot(X1, ... Xn)|.
Two densities § and 8" on EV are proportional:

8" =3,
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f being a positive function. In particular, any (differential) density 6 can be writ-
ten & = f &y, where f is a positive function.

8.2.2 Integration of Densities on EV and the Associated Measure

We can define the integral of a density with respect to the Lebesgue measure as
follows. Let 0y = f0p be a density, f being a smooth positive function. We put

/5f=/fd£N.

Note that this construction can be extended to the case where f is any integrable
positive function. On the other hand, since f is positive, [ 5f is nonnegative. Then,
it is easy to check that the map
A— / o
L f

is a new Borel measure on (EV, B) (see Chap. 5).



Chapter 9
Measures on Manifolds

Let us introduce the concept of measures on a Ck-manifold M" of dimension n
with or without boundary dM" (n > 1,k > 2). The goal is to use suitable differen-
tial forms to construct measures, with which one can define the notion of volume,
fundamental in our context. Chapter 3 of [11] gives a complete introduction to the
subject.

9.1 Integration of Differential Forms

We denote by D¥(M") the space of k-differential forms on M". If ® € D*(M") and
x € M", w, is a k-form on the tangent space T,M", i.e., 0 € Ak(TxM”).
A volume form on M" is an n-differential form @ such that for every x € M",
o # 0. If w is a volume form on M", the couple (M", ®) is an oriented manifold.
If (U, ¢) is a chart domain of an oriented manifold (M", ®), one can define the
integral [, @ of the restriction of @ to U as follows: ¢~ (@) is an n-form on ¢ (U),
which is an open set of E” endowed with its canonical orientation wy. We can write

¢~ (®) = fay and put
/ ®= / fdcr, ©.1)
U o(U)

where dL" denotes the Lebesgue measure on E". Formula (9.1) and Theorem 18
show that the result is independent of the chart. Using a partition of unity, one can
then define [, @ in a natural way, where A is a subset of M" such that ¢(A) is
measurable on E”. One more time, the map

A= [ ron

cannot induce any (outer) measure on M", since the result of the integration may be
negative.
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Let us mention Stokes theorem, which is one of the most important result in
mathematics.

Theorem 30. Let M"™ be a compact oriented C*-manifold M" of dimension n with
boundary dM" (n > 1,k > 2). Then, for any C*~'-differential form ® of degree

n—1,
/ do = .
n oMn

dow = 0.
M}’l

In particular, if IM" = 0,

9.2 Density and Measure on a Manifold

We need to extend the notion of density we have introduced in Chap.5 on EV. By
definition, we say that § is a density on M" if at each point x of M", J is a density
of T,M". Consequently, there exists an n-form @ on M" such that |@,| = J, at each
point x € M". In other words, |®| = 6.

Theorem 31. To any density on a C*-manifold M", there is canonically associated a
Borel measure on M". A measure on M"* obtained in such a way is called a Lebesgue
measure.

Remark Theorem 31 implies that, given a density 6 on a manifold M", one can con-
sider measurable subsets and integrable functions associated to the Borel measure
defined with respect to §. The main utility of densities is that they allow us to define
measures on manifolds. Note that M" is locally homeomorphic to E” and then the
Borel subsets of M" are spanned by the images by this homeomorphism of the Borel
subsets of E".

Sketch of proof of Theorem 31 Let J be a density on M":

e We begin by working on a domain U of a chart (U, ¢). Let f be the function
defined on U by

0~ (8) = fv,
where & is the canonical density on E" (see Sect. 8.2). We define the measure
Us as follows: for any Borel subset A of U, we put

Hs(A) = /q) 4

The main point is to check that this (local) definition of ug is independent of the
chart (we leave this proof to the reader).

e Then, we extend this construction to the whole manifold M" by using a partition
of unity. [J
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9.3 The Fubini Theorem on a Fiber Bundle

Among other ideas, the proof of the tubes formulas (given in Chap. 17) uses clas-
sically an “integration by slice,” i.e., the Fubini theorem, to compute explicitly the
volume of a tubular neighborhood of a submanifold. We give here (without proof)
a general theorem on integration over a fiber bundle generalizing the integration by
slice (see [51,76] for instance).

Theorem 32. Let (E,m,B,F) be an oriented fiber bundle over an oriented
n-manifold B, such that dim F = r. If E is endowed with the local product ori-
entation induced by the orientation of B and F, then

/E:/BO/F 9.2)

Equation (9.2) must be made more explicit. The assumptions of the theorem
imply that the volume form wg of E is over each point p of B, “the product of the
volume form wp by the volume form of the fiber wr.” Roughly speaking, over each
point &, of E,

W = W\ OF,

where Fg denotes the fiber over m. Then, [ ® is a smooth function on B, which
can be integrated, giving sense to [;( [ ). Fubini’s theorem asserts that

Jro=fhe



Chapter 10
Background on Riemannian Geometry

We do not use much intrinsic Riemannian geometry in this book, since our mani-
folds are essentially submanifolds of Euclidean spaces. However, the Steiner for-
mula for convex subsets with smooth boundaries and the tubes formula of Weyl (see
Chaps. 16 and 17) are Riemannian results. Moreover, the invariant forms described
in Chap. 19 have a typical Riemannian flavor. That is why we give a brief survey of
Riemannian geometry. The reader interested in the subject can consult [10], [29],
[76], [57, Tome 1, Chaps. 4 and 5], or [67].

10.1 Riemannian Metric and Levi-Civita Connexion

Let M" be an n-dimensional manifold. We denote by TM" its tangent bundle and
by X (M") the module of C* vector fields on M". A Riemannian metric on M" is
a positive definite symmetric tensor field g of type (0,2) defined on M". In other
words, at each point m € M", g, is a scalar product on 7,,M" which varies differ-
entiably with m. This tensor will often be denoted by <, >. Every manifold admits
Riemannian metrics. To each Riemannian metric, <, > is associated a unique linear
connexion V, called the Levi-Civita connexion. Recall that a linear connexion V on
M" is an operator
ViXM")x X(M") — X(M"),

(X7Y) - VXY7
satisfying, for all X,Y,Z € X(M") and for all f,g € C*(M"):

° Vf'x+gyZ = fVxZ+gVyZ.
° Vx(Y+Z) =VxY +VxZ.
o VyfZ=[VxZ+X(f)Z

The torsion and the curvature are two tensors associated to any linear connection:

e The torsion T is defined for all X,Y € X (M") by
T(X,Y)=VxY—-VyX—[X,Y].
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e The curvature R is defined for all X,Y,Z € X(M") by
R(X,Y)Z=VxVyZ—-VyVxZ— V[X’Y]Z.

The Levi-Civita connexion is completely determined by two supplementary con-
ditions:

1. It has no torsion: for all X,Y € X' (M"),
VyY —VyX = [X,Y],

where [.,.] is the Lie bracket on M".
2. <,> is parallel with respect to V: for all X,Y,Z € X (M"),

Z<X)Y >=<VzX,Y >4+ <X, VzY >.

10.2 Properties of the Curvature Tensor

The curvature tensor R of V satisfies the following algebraic properties. For all
X, Y, Z,W € x(M"):

R(X,Y)Z+R(Y,X)Z=0.

R(X,Y)Z+R(Y,Z)X +R(Z,X)Y =0, called the first Bianchi identity.
<R(X,Y)Z,W >+ < R(Y,X)W,Z >=0.

<R(X,Y)Z,W >=<R(Z,W)X,Y >=0.

At each point m € M" and each two-dimensional plane 7 of 7,,M", one defines
the sectional curvature K (m) of 7 by

K(7) =<R(X,Y)Y,X >,

where (X,Y) is an orthonormal frame of 7.
If X and Y are two vectors in 7;,,M", one defines the Ricci tensor Ricc of M" for
all X,Y € y(M") by

Rice(X,Y) =) <R(e;,X)Y,e; >,
n=1

where (ey,...,¢;,...,e,) is an orthonormal frame of 7,,M".
The scalar curvature at m is the real number

1 n
= E Ri i)e).
T 1) & icc(e;, ;)
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10.3 Connexion Forms and Curvature Forms

Let us now define the connexion forms on M” Let (e, .. e,, .,en) be alocal ortho-
normal frame of vector fields. Denote by (@', ..., @', ..., @") the dual frame. The n?

connection 1-forms col.j are defined for all X € TM” by

Vxej = Za) Jei,Vje{l,...,n}.
Moreover, let Rj.kl be the component of the curvature tensor:
e],ek e = Zlekel
The curvature 2-forms of the connexion are defined by

ZR N

The forms @', a)ij , Q; are related by the Cartan equations:
o'=-Y oirne,
J
doi=-Y oj n ot + Q.
k

As usual, using Einstein summation, we avoid in general the sign )}, when no
confusion is possible. For instance,

must be read

10.4 The Volume Form

On any orientable Riemannian manifold M", the volume form dv is the n-form de-
fined locally by dv = @' A ... A@' A ... A ®", where as before (®!,...,0',..., ") is
the dual frame of an orthonormal local frame (ey, ..., e;,...,e,).

Suppose that M" is compact. The volume Vol,,(M") of M" is defined by

Vol,(M") = [ dbv.
M)l

If no confusion is possible, we simply write Vol(M") instead of Vol,(M").
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10.5 The Gauss—-Bonnet Theorem

The famous Gauss—Bonnet formula gives a relation between the curvature tensor of
any even-dimensional Riemannian manifold M", n = 2m, and its topology. It can be
stated as follows. Let

i Dm—1
22m7rm Zgn i QA AN

Then

Q=yx(M"), (10.1)
Mﬂ

where  (M™) denotes the Euler characteristic of M".

10.6 Spheres and Balls

Spheres and balls are well-known compact Riemannian manifolds. Their volumes
can be expressed as follows. Let I" be the gamma function. It is well known that "
satisfies the following property: for every n € N,

I'(n+1)=n'(n); Vne N,I'(n) = (n—1)!

and

e We denote by S” the unit hypersphere (of dimension n) in E"*!. Its n-volume s,

satisfies
(n+1)

(10.2)

e We denote by B" the unit ball of E" (whose boundary is S"~1). Its n-volume b,
satisfies

by=—= . (10.3)
n

In particular,

4
S0 =251 =2M;50 = 47353 = 2% by = 2:by) = Wi b3 = 37 (10.4)
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10.7 The Grassmann Manifolds

10.7.1 The Grassmann Manifold G°(N k)

Let G°(N, k) be the set of (oriented) k-linear subspaces of EV. This set is called the
Grassmann manifold or the Grassmannian of (oriented) k-vector subspaces (also
called k-planes) of EV. It is a compact manifold, which has the structure of symmet-
ric space of dimension k(N — k) isomorphic to the quotient

SO(N)
SO(k) x SO(N—k)’

where SO(N) (resp., SO(k), resp., SO(N — k)) denotes the special orthogonal group
of EV (resp., Ek, resp., ]EN’k).
Note that there is an obvious identification

G°(N,k) ~ G°(N,n—k)

(by identifying a k-plane with its orthogonal) and that SY~! can be identified with
G°(N, 1) (by identifying an oriented line with its unit vector).
As usual, the tangent space T;,¢G°(N, k) of G°(N, k) at the identity can be identi-
fied with
SO(N)
SO(k) x SO(N —k)’

where SO(N) (resp., SO(k), resp., SO(N — k)) denotes the space of skew-
symmetric squared N X N (resp., k X k, resp., (N — k) x (N — k)) matrices. Con-
sequently, a tangent vector at the identity can be identified with a matrix

0 A

where A describes the space of k x (N — k) real matrices.
The manifold G°(N, k) has a Riemannian structure, which can be described by
giving explicitly the associated scalar product <, > on the tangent space T,4G° (N, k)

e [0 A , (0 B o
atld:if U = (—A’ 0) and U’ = (—B’ 0) belong to G°(N, k), then

< U,U’ >=2trace AB',

i.e. (up to the coefficient 2), the standard scalar product of A and B.

The manifold G°(N,k) admits a Haar measure (invariant by rotations), asso-
ciated to the volume form induced by the Riemannian metric. The volume of
G°(N,n — k) satisfies

2SN_1SN_2...Sk

Vol(G°(N, k)) = T — (10.6)
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In particular, the volume of the set of (oriented) lines through the origin in E?
(i.e., the volume of S') is 27; the volume of the set of (oriented) lines through the
origin in E? (i.e., the volume of the sphere S?) is 47.

10.7.2 The Grassmann Manifold G(N, k)

We now deal with unoriented k-subspace of EV. The set G(N,k) of (unoriented)
k-vector subspaces of EV is called the Grassmann manifold or Grassmannian of
(unoriented) k-planes of EV. Like G°(N, k), G(N, k) has the structure of a differen-
tiable manifold of dimension k(N — k). The main observation is that the map

v : G°(N,k) — G(N, k), (10.7)

which sends an oriented k-plane to the corresponding unoriented k-plane, is a
twofold covering.

G(N, k) is also a compact manifold, which has the structure of symmetric space
of dimension k(N — k) isomorphic to

O(N)
O(k)x ON—k)°

There is still an obvious identification:
G(N,k) ~ G(N,n—k)

(by identifying a k-plane with its orthogonal). Note also that G(N, 1) is the projective
space PN1(R).
The tangent space T;G(N, k) at identity is still identified with

SO(N)
SOK) xSON—k)’

The manifold G(N, k) is endowed with a Riemannian structure defined by claim-
ing that the map v is a local isometry. The corresponding volume is half the volume
of G°(N,k):

VOl(G(N, k) = —N=1IN=2--5k

. (10.8)
SN—k—1SN—k—2-+-50

In particular, the volume of the set of (unoriented) lines through the origin in
[E? (i.e., the volume of the projective space P! (R)) is 7; the volume of the set of
(unoriented) lines through the origin in E* (i.e., the volume of the projective space
Pi (R)) is 27; and the volume of the set of (unoriented) planes through the origin in
E’ is 2m.
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10.7.3 The Grassmann Manifolds AG(N, k) and AG°(N, k)

Let us now consider the set AG(N, k) of all affine k-subspaces of EN. It is a (smooth)
manifold with fibers over G(N,N — k)

¢ : AG(N,k) — G(N,N —k),

where the map ¢ sends any affine k-subspace P onto its linear orthogonal comple-
ment L. The fibers are isomorphic to EV. The map

P—L

gives the isomorphism of the fiber with EV. The manifold AG(N, k) admits a nat-
ural canonical Haar measure (invariant under rigid motion), deduced from the
Lebesgue measure on the Euclidean space and the Haar measure on G(N,N — k)
(see Theorem 32 and [56] for details).

One can also define the manifold AG® (N, k) of oriented k-subspaces of EV. The
details of the corresponding fibration over G°(N,N — k) and the Haar measure (in-
variant under rigid motions) are left to the reader.



Chapter 11
Riemannian Submanifolds

Smooth Riemannian submanifolds in Euclidean spaces are the smooth objects, on
which we shall test the curvature measures defined in the next chapters. They are
the direct generalization in any dimension and codimension of curves and surfaces
in E3. Their extrinsic curvatures generalize the Gauss and mean curvatures of sur-
faces. We review (without proof) some fundamental notions on the subject. Classical
books on Riemannian submanifolds are [26,27].

11.1 Some Generalities on (Smooth) Submanifolds

Let M" be a (smooth) n-dimensional manifold (in general, if there is no other con-
dition, we assume that M” is at least C?). A C'-map

x:M" —EN

is an immersion if dx has maximal rank n at each point. This immersion is an em-
bedding if
x:M"— x(M")

is an homeomorphism (for the topology on x(M") induced by the one on EY). In
such a situation, we say that M" is an immersed (or embedded) submanifold of EV,
or simply a submanifold of EV (Fig. 11.1).

Let us endow EV with its standard scalar product <,> and denote by g =
x*(<,>) the induced metric on M". Then, x becomes an isometric immersion of
(M",g) into (EV, <,>). In the following, we identify systematically a tangent vec-
tor X to M" and its image x. X by the differential of x. Using this identification, the
orthogonal complement of TM" in TEY is the normal bundle of M" in EV. We de-
note it by 7+M", and by X'+ (M") the module of normal vector fields. Consequently,
one can consider the following three bundles over M" (Fig. 11.2). The tangent bun-
dle to M™:

™" — M",
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Fig. 11.1 The curve C is
the image of an immersion
with a self-intersection point;
this immersion is not an
embedding. The curve C’ is
the image of an embedding

Fig. 11.2 The tangent space
T,M and the normal space
T;-M of M at a point p

the restriction to M" of the tangent bundle of EV:
Ty EN — M",
and the normal bundle to M":
T+M" — M".
These three bundles are related by the equation:
Ty EN = TM" & Ty M". (11.1)
Among others, there are two important topological properties of the normal bun-
dle of submanifolds, which will be used extensively in this book:

1. The first one is topological. It is the tubular neighborhood theorem (see [58, 62]
for instance).

Theorem 33. Let M" be a compact embedded submanifold of EV. Then, there
exists a neighborhood Uy of M", such that every point m in Uy has a unique
projection pry, (m) onto M" (realizing the distance dyn (m) from m to M").

Since M" is compact, Theorem 33 implies that there exists a tubular neighbor-
hood M} of M" (of radius € > 0), such that every m in M} has a unique pro-
jection pry (m) onto M™. In other words, using the notion of reach of a subset,
introduced in Chap. 4, one has the following corollary.
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Fig. 11.3 In the tubular
neighborhood U¢ of the curve

CinE?, any point m has a
unique orthogonal projection
onto C

Uc

Corollary 1. The reach of a compact submanifold of EN is strictly positive
(Fig. 11.3).

Note that the smoothness of the immersion is essential. Theorem 33 and
Corollary 1 fail for a polygonal line in E?, as we have seen in Chap. 4: any
point on the bisector of two consecutive edges has at least two orthogonal
projections.

2. The second one comes from symplectic geometry (see [81] for a nice introduc-
tion). Remember that the cotangent bundle of any N-dimensional manifold V" is
a manifold which admits a canonical symplectic 2-form Q (i.e., a closed differ-
ential 2-form Q, which is nondegenerate and satisfies

QN 0

at every point). In particular, if (xy,..., X, ...,xy) are the standard coordinates of
EV and (X105 eeey Xy ooy XN, V15 o5 Vi -+, YN ) are the standard coordinates of T*EN =
EN x E*N, the canonical symplectic form Q of T*E" has the following expres-
sion:

N
Q=Y dxAdy. (11.2)
k=1

Using the identification given by the metric between vectors and 1-forms, we
deduce a symplectic structure (still denoted by ©) on the tangent bundle TEY =
EN x EN of EV.
It is well known that Q is exact
Q=da, (11.3)

where « is the Liouville 1-form

N
o=—Y ydx. (11.4)
k=1
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Let us now restrict our attention to the unit sphere bundle
STEY =EN x sV!

of TEN. The restriction of the Liouville form & to EN x S¥~! endows EN x S¥~!
with a contact structure: still denoting this restriction by ¢, one has

an(da)N"1£0 (11.5)

at every point (x,y) of EV x SV=1,

In this context, let us describe the behavior of the normal (resp., unit normal)
bundle of a submanifold M" of EN. A simple direct computation implies the
following theorem.

Theorem 34. Let M" be a submanifold of EN. Then:

e Considered as a submanifold of EN x EN endowed with the symplectic struc-
ture Q, the normal bundle TM" of M" is Lagrangian, i.e.,

VXY € TTM",Q(X,Y) = 0.

e Considered as a submanifold of EN x SN~ the unit normal bundle STM"
of M" is Legendrian, i.e.,

VX,Y € TST*M",a(X) =0 and da(X,Y) = 0.

Theorem 34 is crucial for our purpose: in Chap. 20, following [47], the normal
cycle of a geometric subset of EV will satisfy analogous properties by definition.

11.2 The Volume of a Submanifold

The volume of a submanifold generalizes the length of a curve and the area of a
surface. It only involves the first derivative of the immersion. Let M" be a (compact
orientable) C!-submanifold of EV. There are (at least) three classical ways to define
the n-volume of M":

1.

We can endow M" with the Riemannian structure induced by the scalar product
on EV and then consider the Lebesgue measure of M” associated to the corre-
sponding density.

. We can compute the n'"-Hausdorff measure of M", considered as a subset of EN.
. If the submanifold is the image of an embedding

x:M"—EVN,
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its volume can be computed with help of the area formula (Theorem 19):

Vol,(M") = I (f)(x)dL"x. (11.6)
. Mll
It can be proved that these three computations coincide. They define the n-volume
Vol,,(M") of M". Consequently,

Vol (M") = H'(M") = /M () @)L (11.7)

Remark In this section, we supposed that the submanifold is C'. However, a sharp
study of these processes shows that the same considerations can be applied to sub-
manifolds defined with Lipschitz maps, since such maps are differentiable almost
everywhere, see [43,63] for details.

11.3 Hypersurfaces in EV

Let us now deal with the local Riemannian geometry of submanifolds. We begin
with hypersurfaces of ENY (see [26] for details). Although we can mimic Sect. 20.2
to define the Weingarten endomorphism and the second fundamental form of a hy-
persurface, we shall be a little more formal, using the covariant derivative in the
Euclidean space (i.e., the Levi-Civita connexion in the Euclidean space EN, defined
in a general frame in Sect. 10.1). Let (ey,...,¢;,...,ey) be an orthonormal frame of
EN. The covariant derivative on EV is simply the operator V defined as follows. If

X=Y) X'e, Y=Y Y,
i=1 j=1

are two vector fields on EV, then

- N ooy
VxY = le' 57¢
Lj=

11.3.1 The Second Fundamental Form of a Hypersurface

In our context, an (oriented) smooth hypersurface M of the (oriented) Euclidean
space EV means an (N — 1)-dimensional C2-(oriented) manifold embedded in EV.
Let & be the unit normal vector field defined on M, compatible with the orientation
of M and EV. The Weingarten tensor A defined on M is the symmetric endomor-
phism defined for all X € TM by



114 11 Riemannian Submanifolds
A(X) = —Vyxé&. (11.8)

The second fundamental form h of M is the adjoint of A: it is defined for all X,Y €
TM by

<A(X),Y >=h(X,Y). (11.9)

The geometric meaning of 4 and A is well known: it describes the shape of the
immersion.! Since A is symmetric, it admits at each point m € M an orthonormal
frame of eigenvectors called principal vectors, whose corresponding eigenvalues
are called the principal curvatures (A, ..., A, ...,Ay_1) of M at m.

11.3.2 k™-Mean Curvature of a Hypersurface

Let us now introduce the symmetric functions of the principal curvatures.

Definition 25. Let M be a hypersurface of EV. For every, k = 0,...,N — 1, the k-
elementary symmetric function of the principal curvatures of M

[x]

k= {Aiys iy b
is called the k""-mean curvature of M.

Remark One has
k=N—1
det (I+1A)= Y Eu*, (11.10)
k=0
with By =Y, Ay, where Ay, is the sum of all k-minors of the matrix A (I denotes
the class of subsets of {1,...,N — 1} with k elements). In particular:

o Fp=1.
e X is the trace of A.
e Xy_1 is the determinant G of h, called the Gauss curvature of M.

In particular, we have the following result.

Definition 26. The scalar

is called the mean curvature of M.

! For instance, M is totally geodesic in EY (i.e., h = 0), if the geodesics of M" are sent onto geo-
desics (i.e., straight lines) of EN; in this case, x(M) is nothing but a portion of an affine hyperplane
of EV.
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11.4 Submanifolds in EV of Any Codimension

Section 11.3 can be generalized to any submanifold
x:M"—EN

of any codimension (as for Sect. 11.3, see [26] for details).

11.4.1 The Second Fundamental Form of a Submanifold

Let V (resp., V) denote the Levi-Civita connexion on (M",g) (resp., (EV,<,>)).
For all vector fields X,Y tangent to M", ﬁxY can be considered as a section of
Ty EN . It appears that its component tangent to M” is exactly VxY, so that the two
connections V and V are related by the Gauss formula, for all X,Y € x(M"),

VxY = VxY +h(X,Y), (11.11)
where h(X,Y) € TM" denotes the normal component of VY. The tensor
h:TM"xTM" — T+M"

is symmetric. It is called the second fundamental form of M" with respect to the
immersion x.

Let & be a normal vector field and X be a tangent vector field on M”". We can
decompose Vx¢& into its tangent component —AgX and its normal component VyE.
We get the Weingarten formula:

Vx§ = —AeX +VxE,VX € TM". (11.12)

The tensor A is called the Weingarten tensor and is related to & by the following
equation, for all X,Y € y(M") and for all £ € T+M",

<AeX,Y >=<h(X,Y),E > VXY € TM". (11.13)

Since & is symmetric, we can define its trace with respect to orthonormal frames
inTM".

Definition 27. The mean curvature vector field of the submanifold M” is the normal

vector field H defined by

1
H = - trace (h).
n
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11.4.2 k™-Mean Curvatures in Large Codimension

Generalizing Definition 28, one defines for each k € {0, ...,n} the k"*-mean curva-
ture with respect to each normal direction as follows. Let & be a (unit) normal vector
field. Let

WS TM" x TM" — C=(M")

be the tensor defined for all X,Y € X' (M") and for all £ € T+M" by
B (X,Y) =< h(X,Y),E > . (11.14)

In other words, 4% is the second fundamental form in the direction &. Since h is
symmetric, A¢ is self-adjoint and he is symmetric. Then, they can be (locally)
diagonalized (in an orthonormal frame). At each point m of M" and for any nor-
mal direction & at m, the eigenvalues (AF, ...,lf) of Ag are called the principal
curvatures of M" at m in the direction &.

Definition 28. Let M" be an n-dimensional Riemannian manifold isometrically im-

mersed in EV. Let & be a (unit) normal vector field. The k"*-elementary symmetric
function of the principal curvatures of M" in the direction &

k(€)= (A5, A0} (11.15)

is called the k"-mean curvature of M" in the direction .

Remarks
e One has
k=n
det (I+1Ag) =Y Ex(&)t, (11.16)
k=0

with Z¢ (&) = X, Az, (&), where Ay (&) is the sum of all k-minors of the matrix
Ag (I denotes the class of subsets of {1,...,n} with k elements).

e If we replace & by —&, & is changed into —Z; when k is odd, and is unchanged
when £ is even.

11.4.3 The Normal Connexion

The normal component

VX (M) x X (M) — xH(Mm)
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of the Levi-Civita connexion V defined by (11.12) is a linear connection on the
normal bundle y*(M"): it satisfies for all X,Y € X' (M"), for all £,{ € X-(M™),
and for all f,g € C*(M"):

® VfL'XnLgYé = fVx&+gVyé.
o VH(E+L) = VRE+ VAL
o Vx/fE=/Vxe+X(f)E.
The operator V= is called the normal connexion associated to the submani-
fold M".

The normal curvature tensor R* of the connexion V= is defined as follows, for
all X,Y € X(M") and for all £ € X+ (M"),

RE(X,Y)E =VxVyE —VyVx& —Viy y&.

11.4.4 The Gauss—Codazzi-Ricci Equations

The Gauss equation relates the curvature tensor R of M" to the second fundamen-
tal form of the submanifold M". This equation can be stated as follows, for all
X, Y, Z,WeTM",

<RX,Y)ZW >=<h(X,W),h(Y,Z) >

— < h(X,Z),h(Y,W) > . (11.17)

The Codazzi equation is obtained by expressing the fact that the normal compo-
nent of the curvature tensor of EV is null, for all X,¥,Z,W € TM",

(Vxh)(Y,Z) — (Vyh)(X,Z) =0,VX,Y,Z € TM", (11.18)
where, for all X,Y,Z € X(M"),

Vi 1
—h(VxY,Z)—h(Y,VxZ).

Finally, the Ricci equation relates the curvature tensor V-M" of the normal bun-
dle T-M" to the Weingarten tensor: once more, it is obtained by expressing the fact
that the normal component of the curvature tensor of EV is null, for all X,Y € TM"
and forall &, n € T*M",

VX,Y € TM", < R*(X,Y)E,n >=<[A¢,Ag](X),Y >, (11.20)

where
[A§7An] =AgAn —AnAc. (11.21)
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11.5 The Gauss Map of a Submanifold

We have defined in Chaps. 2 and 3 the Gauss map of a curve and a surface. This can
be generalized to any submanifold in Euclidean spaces. Let us begin with hypersur-
faces.

11.5.1 The Gauss Map of a Hypersurface

Let
x: MV BN

be a codimension one immersion of an (oriented) manifold MV~! into EV. The
Gauss map associated to x is the map

G:MV ! sV

defined as follows: if & is the oriented normal vector field of MY ~!, we put for all
me MN-1
G(m) =&y

If dVSNq is the volume form of S¥~!, one has
G* (dVSN—l) = Gdvyn-1, (11.22)

where G = Zy_; is the Gauss curvature function on MV —1 j.e., the determinant of
its second fundamental form (see (11.10)).

If M~ is closed and has an even dimension N — 1 = 2m, Gauss equation (11.17)
and Gauss—Bonnet theorem (10.1) imply

|, Gev = %’” x (M2, (11.23)

a crucial formula already mentioned in Chap. 10.

The interested reader can find generalizations of Fenchel-Milnor theorem 3 in
the beautiful articles of Chern and Lashof [31, 32] and an extended study of this
type of results in the book of Chen [27].

11.5.2 The Gauss Map of a Submanifold of Any Codimension

Let x : M" — EN be an immersion of a manifold M” into EV. The Gauss map

G:M" — G°(N,N —n)
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sends each point m € M" to its normal space T,;-M", considered as a point of the
Grassmann manifold G°(N,N —n).2 A slight extension of this definition is to con-
sider the map

G:M"—EN xG'(N,N —n),

defined by .
G(m) = (m,T,,M").

This modification will be interesting when we shall deal with the normal cycle of
a smooth submanifold. In the following, if no confusion is possible, we use indis-
tinctly G or G, calling systematically G the considered map.

Let us explicit the local expression of G: if (ej,...,en,€p+1,...,ey) is a direct
local frame at a point of M", such that (ey,...,e,) is tangent to M" and (e, 11, ...,en)
is normal to M", then one can write

G(m) =e,11 N... Nen.
Differentiating G, one finds immediately
dGu(X) =Y ent1 A Nengiot Ao, (X) Nentiv1 A Aey, (11.24)
i
where A denotes the Weingarten endomorphism of M". This indicates that the pull-
back of the volume form of the Grassmann manifold gives informations on the shape

of M". This a priori anodyne remark will be useful when we shall extend the notion
of curvature to a large class of objects.

2 For technical reasons, it may be more interesting to modify the definition by sending each point
m to its tangent space. Both constructions are equivalent.



Chapter 12
Currents

As we shall see in Chap. 20, the normal cycles associated to geometric subsets of EV
are integral currents, which are a particular type of rectifiable currents. We give here
a short introduction to this subject. We end this chapter with important theorems
used in the approximation and convergence results proved in the succeeding parts
of the book. A nice introduction to this subject can be found in [63].

12.1 Basic Definitions and Properties on Currents

In measure theory, currents appear as a generalization of smooth submanifolds. Cur-
rents are dual to differential forms. We have defined the topological space DX(EV)
in Sect. 8.1.1(2).

Definition 29.

1. The space D (E) of k-currents of EV(0 < k < N) is the topological dual of the
space DIE(EN ) of k-differential forms with compact support on EN. The duality
bracket will be denoted by < .,. >.

2. The support spt(T) of a k-current 7' of EV is the smallest closed subset C C E¥
such that, if @ € D¥(EV) satisfies spt(®) NC = 0, then < T, ® >= 0.

The space Dy (EN) is naturally endowed with the weak topology: if (T,,)p cNisa
sequence of k-currents of EV and T is a k-current of EV, then

lim 7, =T <= Yo € DXEY), lim < T),0 >=<T,0 > .
p—

p—
Let us now define the boundary of a current.
Definition 30.

e Every k-current 7' of EV is associated a (k — 1)-current 9T of EV, called the
boundary of T, defined as follows:

121
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Yo € DYEN), < 0T, 0 >=< T,do > .
e A cycle is a current with null boundary.

Classical Examples

1. Let
f:EV -EN

be a smooth map and let T € Dy(E"). One defines the k-current
£(T) € D(EN)
by the following formula, for every k-differential form o € DX(EN /),
< fu(l),0 >=<T,f" () >.

2. Let M" be a compact smooth oriented submanifold of EV. Then, M" can be
considered as an n-current. Indeed, let dvy be the volume form of M". If @ is
any differential n-form on EVN, then there exists a smooth function fw on M" such
that the restriction of @ on M" equals f,dvym. The current [M"] associated to M”"
is defined as follows. For all @ € DX(EN),

<M, 0 >= / Fodvan.
Mn

To simplify the notation, if no confusion is possible, we also denote by M" itself
the current [M"]. The boundary of [M"] is the (n — 1)-current [0 M"] associated to
the boundary dM" endowed with the induced orientation.

3. The previous construction can be extended to Lipschitz submanifolds of EN,ie.,
submanifolds which are locally the graph of Lipschitz maps, since such maps are
C'-almost everywhere.

12.2 Rectifiable Currents

Let us now introduce a general kind of currents, associated to rectifiable subsets.
We deal here with the Hausdorff measure ¥, We refer to [43, pp.251, 380, 384]
and [63, p. 40] for details. A subset A of EY is called k-rectifiable if it is the image of
a bounded subset of EX under a Lipschitz map. It can be proved that a k-rectifiable
set has a k-dimensional tangent subspace F*-almost everywhere, from which one
deduces that it can be oriented almost everywhere, by assigning a (unit) k-vector U
(or a unit k-form) at each tangent vector subspace. There are many possible equiva-
lent definitions of rectifiable currents. Here is the most intuitive one.
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Definition 31.
e Let T be a k-current with compact support in EV. If there exist:

— A H*-measurable and k-rectifiable subset A of EV

— An orientation defined at each point of A admitting a tangent space (conse-
quently 7*-almost everywhere)

— An integrable function p with positive integer values defined at each point of
A admitting a tangent space, satisfying

/udH"<oo
A

such that
Yo € DYEN), < T, 0 >:/ <U,0> pH*,
A

then T is called the rectifiable k-current associated to the triple (A, U, ). If no
confusion is possible, T will be simply denoted by A.

e The space of rectifiable k-currents is denoted by Ry (EV).
e If T and OT are rectifiable, T is called an integral current.
e The space of integral k-currents of EV is denoted by ;(EV).

Let us now define the mass of a current, which directly generalizes the volume
of an oriented submanifold.

Definition 32.
1. The mass of a k-current 7' of EV is the real number M(T') defined by

M(T) = sup{T(®) : @ € D(EN) and sup |®,| <1}.

melEY
2. The flat norm of a k-current T of EV is the real number (T') defined by
F(T) =inf{M(A) +M(B): T = A+ 9B, A € Ri(EV), B € Ry (EV)}.

Note that the flat convergence of currents implies the weak convergence of cur-
rents. Moreover, the flat norm has an interesting geometrical property: if two “ob-
jects” are “close” one to each other, then the difference of their associated currents
(when they exist) has a small flat norm. For instance, if C is an oriented curve “close”
to the oriented curve C’, then F(C —C') is small (Fig. 12.1).

Fig. 12.1 One has C+U — C
C'+V=0S.IfM(U) <&, v

M(V) < g, and M(S) <

€2, then F(C—C') <3¢
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12.3 Three Theorems

We mention some classical results on currents, which will be useful in our context.
The first theorem gives a characterization of integral currents.

Theorem 35. (The Constancy Theorem) Let V¥ be a (Lipschitz) submanifold of
EN. Let T be a k-integral current of EN such that:

1. spt(T) C V*.
2. spt(dT) C (VF).

Then, there exists m € 7, such that T = mV*.

The second result is a compactness theorem for integral currents. It provides the
means of proving that a sequence of currents converges.

Theorem 36. (The Compactness Theorem) Let K be a compact subset of EN and
let ¢ be a positive real number. Let I (K, ¢) be the set of n-integral currents defined
on EN whose support lies in K and whose mass and boundary mass are bounded by
c. Then I (K, ¢) is compact for the flat norm.

The last result is a homotopy theorem: let
f:EV>EVY

and
g:EN - EN

be two smooth maps. A homotopy between f and g is a smooth map
h:[0,1] xEN - EVN,
such that for all x € EV
h(0,x) = f(x) and A(1,x) = g(x).
Such a homotopy is said to be affine if it satisfies
h(t,x) = (1-1)f(x) +1g(x)

for all x € EV and for all ¢ € [0, 1].

The following result gives a bound on the mass M[%, ([0, 1] x T') for every integral
current T of EV (it can be generalized to any current representable by integration,
but we do not use this generalization in this book).

Theorem 37. Let
f:EN - EN and g : EN — EVN

be two smooth maps and let h be an affine homotopy between f and g. Let T €
I, (EN). Then
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M{h;([0,1] x T)] < M(T)(sup|g — f|sup{|Df|",|Dg|}).

A Final Remark This chapter deals with currents defined on EN , but the space
EN can be replaced by any open subset U for more generality. The proof of these
theorems can be found in [63, p. 52] or in [43, p. 357] for the Constancy Theorem 35,
in [63, p.64] or [43, p.414] for the Compactness Theorem 36, and in [43, p.363]
for Theorem 37.



Chapter 13
Approximation of the Volume

We deal here with a basic question: consider a smooth (compact oriented) subman-
ifold M" of the Euclidean space EN ,n <N, and a (measurable) subset W, “close to
M"” Can we approximate the volume Vol,(M") of M" by Vol,(W)? We have seen
in Sect. 3.1.3 that the well-known “Lantern of Schwarz” shows that the area of a
sequence of triangulations inscribed in a fixed cylinder of E* may tend to infinity
when the sequence tends to the cylinder for the Hausdorff topology. We give here
a general approximation theorem by adding a suitable geometric assumption: we
assume that the tangent bundle of the sequence tends to the tangent bundle of M",
in precise sense.

13.1 The General Framework

Let M" be a smooth compact (embedded) n-dimensional submanifold of EN. As
mentioned in Sect. 11.1, the tubular neighborhood theorem (Theorem 33) asserts
that there exists an open subset Uy of EV containing M”, on which the orthogonal
projection pr onto M" is well defined. In particular, if r is the reach of M", then the
orthogonal projection pr onto M" is well defined on U,(M") (Fig. 13.1).

Definition 33. A subset W of EV is closely near M" if it lies in U,(M") (where r is
the reach of M") and if the restriction of pr to W is one to one (Figs. 13.2 and 13.3).

The mutual behavior of the tangent spaces of both W and M" will be a crucial
geometric invariant in finding approximation and convergence of geometric quanti-
ties. That is why we introduce the following result.

Definition 34. Let M" be a (smooth) submanifold of EY and let W be an n-
dimensional topological submanifold, C I_almost everywhere, closely near M":

e At every (regular) point m of W, let
T
an e [0.3]

129
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Fig. 13.1 W is closely near C:
every point m of the polygonal
line W has a unique orthogo-
nal projection on C

Fig. 13.2 W is not closely pr(m;) = pr(my)

near C: although W lies in

U,(C), different points may ‘R
have the same orthogonal \
projection on C

Fig. 13.3 W is not closely e

near C: although W lies in C
U,(C), the restriction to W of

the orthogonal projection is

not onto

Fig. 13.4 The angular devi-
ation between the polygonal
line P and the curve C at
mis Oy,

be the angle between the tangent spaces 7,,W and Tl[,r(m)M”.l The function « is
called the angular deviation function of W with respect to M".
e Moreover, we put
Omin = inmeW O,
Omax = MaX;uew Opy-

(13.1)

e The angle oy, is called the deviation angle of W with respect to M" (Fig. 13.4).

I By definition, the angle between two n-dimensional vector subspaces Vi and V5 of E" is the
absolute value of the determinant of any orthogonal matrix, sending an orthonormal frame of V;
onto an orthonormal frame of V,. The angle between two affine n-dimensional subspaces is the
angle between their associated vector subspaces.
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13.2 A General Evaluation Theorem for the Volume

The following result shows that, if W is an n-dimensional submanifold (with enough
regularity to have a tangent space almost everywhere) closely near M", then the n-
volume of M" is bounded from above and below by quantities depending on the
n-volume of W, the Hausdorff distance between W and M", the curvature of M",
and the deviation angle.

13.2.1 Statement of the Main Result

Theorem 38. Let M" be a (compact oriented) C2-submanifold in EN. Let W be an
n-dimensional submanifold,* closely near M". Then

Q
VOl,,(M") :A#de, (132)
=0""Kpr(m) “m

where Ekpr(m) denotes the k™-symmetric function associated to the Weingarten endo-

hism of M" in the direction &, = 2™ and §,, = |pr(m)m|
morphism of In the direction pr(m)—man m = |prim)mj.

13.2.2 Proof of Theorem 38

Strictly speaking, the normal vector field on M”" épr(m) = %
pr(m)m
when m € W does not lie in M". If the intersection of M" and W is a (Borel) subset

B, then the measure of B considered as a subset of M" is obviously the same as the
measure of BB considered as a subset of W. Moreover, o¢ =0, § = 0 on B, and the
integrated function in (13.2) equals 1 on 5. Consequently, the result is trivial if one
restricts the study on /. That is why we suppose that the normal vector field & is
nowhere null.

The proof of Theorem 38 is a consequence of the study of the differential of the
projection map. We summarize its main properties (see [43,66]).

is only defined

Lemma 3. Let M" be a smooth submanifold of EN without boundary and let Uy
be an open subset of EN where the map pr : Uyn — M" is well defined. Then:

1. The map pr is C' in Uppn.
2. For all m € Uy, for all Z orthogonal to Ty, yM", and for all X, parallel to

Tor(myM",

2 As above, with enough regularity to have a tangent space almost everywhere, for instance C'-
almost everywhere.



132 13 Approximation of the Volume

{Dpr(m)(Zm) =0,

133
Dpr(m)(Xp) = (Id+8uAg )" (Xm), (133)

where Ay is the Weingarten endomorphism of M" at the point pr(m) in the

B
direction 5pr(m) = prmym|”
3. In particular, let
1 : o
(epr(m)’ ...,e;r(m) , V;:(rm)a ey Vpr(m))

be a local orthonormal frame of Tpr<m)EN such that

1 n
(epr(m) U] epr(m))

is a unit frame of principal vectors of M" at pr(m) in the direction &yy(,y), with
principal curvatures

1 k n
Apr(m)’ ...7A«pr(m>’ ...7Apr(m),
and
n+1 N
(vpr(m), ey vpr(m))

are normal to M". In these two frames, the matrix of

Dpr(m) : EN — Toe(myM"

is given by
! 0 0 0..0
1
1+5msmitpr(m>
0 ST e e 0|,
+ msm pr(m)
0 0 e 0
1+6m8’"2'pr(m)

_—
where 8, = |pr(m)m| and €, = £1 depending on the orientation of the normal
local frame.

Sketch of proof of Lemma 3

e The projection map pr from Upy» to M" is constant on each straight line
[m, pr(m)], from which we deduce the first item.

e Consider now the submanifold Vg parallel to M" at distance & (with & small
enough). The restriction of the projection map pr to Vg is one to one and its
inverse is the one-to-one map

p— p+0E,
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where & is the suitable unit normal vector field on M". Computing the differential
of these two one-to-one maps gives the second item.
e The rest of the proof is obvious. [

Consider now the submanifold W lying in Upm. Since W is differentiable almost
everywhere, the function pr is differentiable at almost every point of W. We apply
the general coarea formula (Theorem 19):

Vol,(M") = /M vy = /W I Dpr(m)| dvyy (m),

where J,Dpr(m) is the n-dimensional Jacobian of pr at m. At a point m of W admit-
ting a tangent space, J,Dpr(m) equals the determinant of the linear map

Dpryy : TnW — Top(yM".
Since W is closely near M", Prw is one to one between W and M". Therefore,

COS O,
Vo, (M") = [ Dy (m)| vy (m) = | =2y,
M w Zk:() h'kpr(m) m

One deduces immediately Theorem 38.

13.3 An Approximation Result

To deduce an approximation result from Theorem 38, we need to introduce a new
geometric invariant as follows.

Definition 35. Let M" be a smooth submanifold of EV:

e The function
[0V U, M — R

defined by
oy (m) = ‘Amﬂpr(m)

is called the relative curvature function with respect to M".
e If W is any subset lying in Uy, the real number

Wy (W) = sup Wyn (m)
meW

is called the relative curvature of W with respect to M".

Remarks

e Atevery point m € Uy outside M", one can write

@Opn (m) = |pr(m)m||A§ |pr(m)7
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where &, = 2™ Now, |Ag |pe(m) is the norm of the Weingarten endomorphism

lpr(m)m|
of M™ in the direction &, i.e., the maximum of the absolute value of the principal

curvatures of M" at pr(m)) in the direction &.
e If W lies in U,(M"), where r is the reach of M", one has

oy (W) < 1.

_
In fact, for every m € W, the point m — 2mpr(m) (i.e., the orthogonal symmetric
of m with respect to the tangent space of M" at pr(m)) belongs to U,(M").

As an immediate consequence of Theorem 38, we get the following result.

Theorem 39. Let M" be a (compact oriented) C*-submanifold in EN. Let W be an
n-dimensional submanifold, closely near M". Then

%VOIH(W) < Vol,(M") < %wn(m. (13.4)
In particular,
[Vol,,(M"™) — Vol,(W)| < K(M")(rax + Opn(W)) (13.5)
and
[Vol,,(M") — Vol,(W)| < K(M") (o +d(M" W), (13.6)

where K is a constant depending only on the geometry of M".
We deduce the following corollary.

Corollary 2. Let M" be a (compact oriented) C2-submanifold in EN. Let W, be a
sequence of n-dimensional submanifolds C'-almost everywhere, closely near M". If
(Fig. 13.5)

1. the Hausdorff limit of W, is M" when p tends to infinity,

Fig. 13.5 If the Hausdorff
distance and the maximum
angle between W and M tend
to 0, then the volume of W
tends to the volume of M
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2. the deviation angle Oinax of W), with respect to M" tends to 0-almost everywhere
when p tends to infinity,

then
lim Vol,,(W,) = Vol,,(M").

p—roo

13.4 A Convergence Theorem for the Volume

As an application of Theorem 38, we deal now with a sequence of polyhedra (which
are PL-submanifolds and then C* on an open subset of full measure) converging
to a smooth submanifold. Following Fu [48], we shall retain the assumption on
Hausdorff convergence, but we remove the assumption on the deviation angle and
replace it by an assumption on the fatness of the polyhedra. Note that this new
assumption is intrinsic, in the sense that it does not relate the sequence of polyhedra
with the smooth submanifold. It only requires that “the angles of the simplices do
not tend to 0.” We then obtain a nice convergence theorem for the volumes.

13.4.1 The Framework

First of all, we need to improve our background on polyhedra (see Chap. 6). Let P
be a polyhedron of EV, endowed with a fixed triangulation.> We denote by:

e Sp the set of all simplices of P and by S,’S the set of all k-simplices of P.
e In particular, we denote by Vp the set of all vertices of P.
e We denote by Ep the set of all edges of P.

13.4.1.1 Fatness of a Triangulated Polyhedron

The fatness of a polyhedron is the main invariant, which will be involved in our
convergence theorem.

Definition 36. Let ¢ be a k-simplex of EV and let P be a polyhedron of EV:

1. The size of o is the real number

€(o) = maxl(e),
eels

where [(e) denotes the length of e.

3 We could consider all the triangulations of P but, to simplify our exposition, we fix one of them.
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Fig. 13.6 A(t) = Llilhsina;
so, if the quotient of the
area of ¢ by the square of
the longest edge is “not too
small,” then each angle of 7 is
“not too small”

2. The fatness of o is the real number

O(c)= min {VOlj(u)

k
jefo..kr €(o) € Sg}.

3. The fatness of P is the real number

O(P) = min ©(0).

oecS?

In other words, “the fatness of a polyhedron is not too small if the angles of its
triangles are not too small.”

For instance, consider a triangle ¢ in E> with ey, e;, e3 its three edges. Suppose
that the length of the longest edge is /. Then, each angle o of ¢ satisfies (Fig. 13.6)

A(r) 1 |
IT S 5 sSIm o,
where A(7) denotes the area of . Consequently,

O(r) <sina.

13.4.1.2 Polyhedron Closely Inscribed in a Submanifold

Definition 37. Let P be a triangulated polyhedron and M” be a submanifold of EV.
We say that:

1. P is inscribed in M" if:

a. All vertices of P lie in M".
b. All vertices of dP lie in dM™".

2. P is closely inscribed in M" if:

a. P is inscribed in M".
b. P is closely near M".
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In particular, if a polyhedron P is closely inscribed in M", then P lies in U,(M")
and the orthogonal projection onto M" induces an homeomorphism from P to M"
and from dP to dM". Consequently, its dimension is 7.

13.4.2 Statement of the Theorem

The results of this section are due to Fu [48]. Since the smooth submanifolds we
consider in this book are C? (with or without C2-boundaries), we state Theorems 40
and 41 with this assumption. However, they can be weakened by considering C!!-
submanifolds. The convergence of the volume is the consequence of the following
theorem.

Theorem 40. Let M" be a (compact) smooth submanifold of EN. Let (PP)pEN be a
sequence of polyhedra closely inscribed in M" such that:

1. The Hausdorff limit of P, tends to M" when p tends to infinity.
2. The fatness of P, is uniformly bounded from below by a positive constant:

de > 0 such that Vp > 0,0(P,) > ¢ > 0.

Then, the sequence of deviation angles Omax, of (Pﬁ)peN with respect to M" tends
to O when p tends to infinity.

The fatness assumption is clearly crucial. We leave the complete proof of this
theorem to the reader (see [48] for details). In Chap. 15, we give a precise proof
of it in the particular case of two-dimensional polyhedra converging to a smooth
surface in E3. As an immediate consequence of Theorem 40 and Corollary 2, one
gets immediately the following result.

Theorem 41. Let M" be a smooth submanifold of EN with smooth boundary. Let
(PP)pEN be a sequence of polyhedra closely inscribed in M™ such that:

1. The Hausdorff limit of P, tends to M" when p tends to infinity.

2. The fatness of P, is uniformly bounded from below by a positive constant:

Je > 0 such that Vp > 0,0(P,) > ¢ > 0.

Then,
lim Vol,,(P,) = Vol,(M").

p—o



Chapter 14
Approximation of the Length of Curves

We have seen in Chap. 13 that the length of a curve is classically defined as the
supremum of the lengths of polygonal lines inscribed in it. Our purpose here is to
compare the length of a given smooth curve with the length of a curve close to it, or
more precisely with the length of a polygonal line inscribed in it.

14.1 A General Approximation Result

Adapting our general Theorem 38, we get immediately the following result.

Theorem 42. Let y be a (compact) C2-curve in EN and C be a curve (differentiable
almost everywhere), closely near S. Then,

I(y) :/ S, (14.1)
€1+ kpe(my < n,pr(m)m >

where:

e For (almost) every point m € C, « is the deviation angle function.
® kp(m) is the curvature of y at pr(m).
e 1 denotes the principal normal vector of Y.

In other words, one obtains the length of y by integrating on C a combination
of the distance between y and C, the deviation angle function, and the curvature
function of 7.

Let Uy be a neighborhood of ¥ on which the orthogonal projection onto y is well
defined. Introducing the relative curvature defined in Definition 35 and the notations
(13.1), we get from Theorem 42 the following result.

Theorem 43. If y is a (compact) C>-curve in EN and C is a curve (differentiable
almost everywhere), closely near S, then

139
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COS Olpin
HCO)<I(y) < ﬁy(@

COS Olmax

Trol0) 1(C). (14.2)

14.2 An Approximation by a Polygonal Line

Theorem 43 can be improved if the approximating curve is a polygonal line closely
inscribed in 7. This is the goal of this section.

Proposition 8. Ler v be a compact regular smooth curve of EN with end points p
and q. Assume that [p,q| C Uy. Then:

1. The length (y) of y satisfies

_
Sol<i(y) < —Pdl (14.3)
I

2. The angle 6, € [0,%] between pq and the tangent vector t, of y at p satisfies
(Fig. 14.1)
k!
Sin ep S 'J/mdxz (’}/)7

where ky, . is the maximum of the curvature of .

(14.4)

In particular, we deduce immediately from (14.3) the following result.

Corollary 3. Let y be a smooth curve embedded in EN and P be a polygonal line
closely inscribed in it. Then

P10 < =gl (P)

Proof of Proposition 8

1. The double inequality (14.3) is a direct consequence of (14.2).
2. Without loss of generality, let us assume that

y:[0,1] - EN

is an arc length parametrization of the curve. Then

Fig. 14.1 0 is the angle
between the tangent vector at
p and the chord pq t



14.2 An Approximation by a Polygonal Line

Y(0) = pand y(I) = q.
Using a Taylor-Lagrange expansion of ¥ and setting / = (), we obtain

l

(1) = v(0) = 17(0) + NG 5)Y'(s)ds.

Thus,

Since |Y'| =k,

Lt / Kuan (V)
7 [ = as < =20,

from which we deduce Proposition 14.4. [
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To end this section, let us mention the result of Cohen-Steiner and Edelsbrunner,
which uses Morse theory to give a bound on the difference of the lengths of two
curves, in terms of their total curvatures and their Fréchet distance [45]. The interest
of this result is that it does not use the angle between the tangent vector fields of the

curves, replacing the Hausdorff distance by the Fréchet one.

Theorem 44. Let y; and 7y, be two smooth curves in EN. Then:

o Ify and 'y are closed,

25N-1

1) —1(m)] < 221 [k ds+ /y kpds —2ldr (11, 2).

SN Un

e [fy1 and 7y, are not closed,

25n—1

(n) —1(r)] <

[/ k%ds‘*‘/ kyds+mldr (1, 72),
SN N 2!

where dp(Y1,7) denotes the Fréchet distance between y; and .

The details of the proof can be found in [33].



Chapter 15
Approximation of the Area of Surfaces

15.1 A General Approximation of the Area

Let S be a (smooth compact) C?-surface in E* and W be a surface closely near S.
Then, Theorem 38 can be stated as follows:

COS Oy,
S) = d 15.1
AS) = [ 1= S ), (15.1)

where « is the angular deviation function of W with respect to S (introduced in
Definition 34), H is the mean curvature of S, and G is the Gauss curvature of S.

Let wyg be the relative curvature function on S (introduced in Definition 35). We
deduce from Theorem 39 the following result [65], [66].

Corollary 4. Let S be a (smooth compact) surface and W be a surface closely near
S, differentiable almost everywhere:
1. Then
COS Olmax
(1+0s(W))?

COS Qpin

AW) 1= as(W))?

<A(S) <

AW).
2. In particular,
LA(S) = AW)| < K(S) (0t + 05(W))

and

JA(S) = AW)| < K(S) 0ty +d(S, W),

where K(S) is a constant depending on S and d(S,W) denotes the Hausdorff
distance between S and W.

In particular, we have the following corollary.
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Corollary 5. Let S be a (smooth compact) surface and (W)
surfaces of B>, such that:

1. The Hausdorff distances d(W,, S) tend to 0 when p tends to +oo.
2. The angular deviations Olmax,, tend to O when p tends to +oo.

Then

peN be a sequence of

lim A(W,) = A(S).

p—

15.2 Triangulations

We have seen in Chap. 13 that a “good” approximation of the area of a (smooth)
surface is given by the area of a close surface if the tangent spaces of both surfaces
are close (Theorem 39). We now deal with the particular case of a triangulation T
closely inscribed in a surface S of [E*. We shall show that we can control the angular
deviation Oyy.x of T by the shape of the triangles of T, improving the convergence
Theorem 40.

Before dealing with approximation by triangulations, let us improve our knowl-
edge on the basic geometric invariants defined on a two-dimensional triangulation
T of E*. We denote by 77 the set of triangles of T and by 7 a generic triangle of 7.

15.2.1 Geometric Invariant Associated to a Triangle

First of all, we take the notations of Definition 36:

The length of the longest edge of ¢ is denoted by £(7).
A(r) denotes the area of 7.

The circumradius of t is denoted by r(z).

The fatness of t is the real number

o() = 2.

Let us now introduce a new geometric invariant adapted to our purpose.

Definition 38. The rightness of a triangle ¢ is the real number

rig(t) = sup |sin Z(v)|,

veVvt

where Z(v) is the angle at v of ¢.
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15.2.2 Geometric Invariant Associated to a Triangulation

Globally:

e Asusual, the area A(T) is the sum of the areas of all the triangles of 7.
e The circumradius r(T) of T is

7).
max (1)

o The height of T is
&(T) = maxe(t).
( ) IE%;S ( )

e As in Definition 36, the fatness of T is

oO(T) = tlgl; o(r).
e The rightness of T is
rig (T') = min rig (7).

teTr

15.3 Relative Height of a Triangulation Inscribed in a Surface

In this section, we assume that a triangulation 7 is closely near a smooth surface S in
the sense of Definition 33. Our main result will be proved in the more restrictive sit-
uation where the triangulation is closely inscribed in S in the sense of Definition 37.
After the definition of the relative curvature in Chap. 13, which is a mixed invariant
depending on both the geometry of § and a surface close to it, we define now another
mixed invariant associated S and 7.

Definition 39. The relative height of 7 with respect to S is the real number de-
fined by

7s(T)) = supsup &(T)|Alpr(m).

teT met
where |h(,,) denotes as usual the norm of the second fundamental form of S at
pr(m).!

The following simple geometric result compares the relative height 7g(7') with
the relative curvature wg(7') defined in Chap. 13.

Proposition 9. Let T be a triangulation closely inscribed in a smooth surface S.
Then:

1. The Hausdorff distance &, between any triangle t and its projection pr(t) onto S
satisfies

! Or equivalently the maximum of the absolute value of the two principal curvatures of S at pr(im).
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o < e(t) <2r(t).
2. Moreover, ws(t) < ms(t).
Proof of Proposition 9
1. Let p be a point of a triangle ¢ of T'. Since T is inscribed in S,
d(p,pr(t)) <d(p,v) < &(t),

where v denotes any vertex of 7. Conversely, if m is a point of pr(z), consider
the intersection point p of the normal line to S at m with ¢. Since T is closely
inscribed in S, m is the (unique) orthogonal projection of p onto S and

d(m,t) =d(m,p) <d(p,v) <e.

Consequently, & < €(1).
2. The second item is an immediate consequence of (1). [

15.4 A Bound on the Deviation Angle

We study here the angular deviation 0imax between the normal of a smooth surface
S and the normal of a triangulation 7" closely inscribed in it.

15.4.1 Statement of the Result and Its Consequences

Theorem 45. Let S be a smooth surface and T be a triangulation closely inscribed
in S. Then, the deviation angle Qmax between S and T satisfies

N | )
2g0) (1 —asT) " 1-asm) ) ST

$in Qpax < <

The proof of this theorem will be given at the end of this section. Let us give some
of its consequences.

Corollary 6. Let S be a smooth surface and T be a triangulation closely inscribed
inS. If
75(T) <
S =7

then the angular deviation Omax of T with respect to S satisfies

SN Ofpax < ( +2> 75 (T).

rig(7)

As a consequence, we obtain the following convergence result.
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Corollary 7. Let S be a (compact orientable) smooth surface in E3. Let T, be a
sequence of triangulations closely inscribed in S. If

1. the length of the edges of T, tends to zero when n tends to infinity,
2. the rightness of T, is (uniformly) bounded from below by a positive constant,

then the sequence of angular deviations of T, with respect to S tends to O when n
tends to infinity.

Since S is compact, the second condition may be weakened by asking that the
sequence 7g(7T;,) tends to zero when n tends to infinity (in some sense, the length of
the edges may be “large” when the curvature is “small”).

The geometric quantities ms(7') and rig (T) are linked to the circumradii of the
triangles of 7. If ¢ is a triangle of 7', then we have

lpr€(®) _ mi(pr(r)
h t) = = . 15.2
| |pr(r)”( ) 2rig(r) 2rig(7) (152)
This implies the following result.

Corollary 8. Let S be a smooth surface and T be a triangulation closely inscribed
in S. Then
Olmax < C(S)}"(T),

where C(S) is a constant depending on S. In particular,

Omax = O(r(T)).

15.4.2 Proof of Theorem 45

The proof of Theorem 45 needs technical preparatory lemmas and propositions.

15.4.2.1 A Purely Geometric Result

Lemma 4. Let t be a triangle whose vertices are p, p1, and p>. If o, € [0, Zrig(t)]
denotes the angle between a normal to the triangle and the axis (0,z), then:

1.

cos? 0; cos? 6, — sin® 6y sin® 6, — cos? Y-+ 2cosysin 0 sin 6,

cos*(ay) = 5 5 5
sin”(62 — 01) + 2sin 0; sin 6, cos(6, — 6; ) + cos? 6; cos? 6, — sin” O sin” 6> — cos? ¥

where 6; € [—%, %} is the angle between pp; and the orthogonal projection of
pPi onto the plane orthogonal to (0,z) which contains p (6; > 0 if and only if
the third component of pp; is positive) and y €)0, | is the angle of t at p.
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2. In particular, if |sin0;| <& and |sin6y| <&, then

Vv 10€e

siny

sin(a) <

Proof of Lemma 4 It is a simple computation, which we do not reproduce here. The
complete proof can be found in [66]. [

15.4.2.2 Comparing the Length of a Geodesic and Its Chord

Proposition 10. Let S be a smooth compact surface of E*, Us be a neighborhood of

S where the map pr : Ug — S is well defined, and p and q be two points on S such

that [p,q] C Us and pr(|p,q[) C S\ 9S. Then, the distance l,,, between p and g on S

satisfies

— 1 —

Pqg<lpg < ————pq
P71~ ws(pg)

Proof of Proposition 10 The left inequality is trivial. On the other hand, since

pr([p,q]) is a curve on S, its length is larger than the length /,, of the minimal

geodesic on § whose ends are p and g. Therefore, using the mean value theorem,

one has

lpg <1(pr([p,q])) < sup [Dpr(m)| pq.
’ne]P”q[

Since Proposition 3 implies that

1 1
< < ,
S T o) il 1= 05(79)

|D pr(m)

Proposition 10 is proved. [

15.4.2.3 Comparing the Normals at a Vertex

Proposition 11. Let S be a smooth surface, t be a triangle closely inscribed in S,
and p be a vertex of t. Then, the angle o, € [O, g] between the normals of S and t

at p satisfies
. V10 7s(1)
<
Sin(%) < 3 5iny, (1— @)

where Y, is the angle of t at p.
This proposition is a consequence of the following lemma.

Lemma 5. Ler S be a smooth surface and let p,q € S such that [p,q) C S. Then, the
angle 6 € [O, g] between pq and the orthogonal projection of pg onto T1,S satisfies
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- |hs|lpg
0 < —HX
sinf < ===,

where |hg| denotes the supremum over S of the norm of the second fundamental form
of S and | is the distance on S between p and q.
The proof of Lemma 5 is similar to that of Proposition 8.

Proof of Proposition 11 Denote by /; the distance on S between p and pi, and by
I the distance on S between p and p;. Since 7 is closely inscribed in S, thanks to
Corollary 10, we obtain

ppl t 8;
L < d L —— .
ST S T—ws() ™ 2= 1T ws(r)
Therefore, Lemma 5 implies that
|h| pr(n ms(t) ms (1)
in@; < < d sinfh < ——M—- .
S T T S a0 ws)) M T E o0 a(n))

Then, Lemma 4 implies that

VIO ml) V0w

Sintp 21 —as)  2sing, (1—ws(0)

sin(o,) <

15.4.2.4 Comparing the Normals of a Smooth Surface

Proposition 12. Let S be a smooth compact oriented surface of B>, t be a triangle
closely inscribed in S, and p and s be two points on T. Then, the angle o), € [O, %]
between two normals &) and &) at pr(p) and pr(s) satisfies

. ﬂg(t)
sin( Q) ) < ——————.
( p) 11— wpr(t) (t)

This proposition is the consequence of the following lemma, which is a direct
application of the mean value theorem.

Lemma 6. Let S be a smooth compact oriented surface of B> and a and b be two
points of S. Then, the angle o, € [07 %] between two normals &, and &, at a and b
satisfies

sin(0tgp) < |hs|lap,

where Ly, is the distance on S between a and b.?

2 By definition, I, is the infimum of the lengths of the curves on S linking @ and b.
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The proof of Proposition 12 is an obvious consequence of Lemma 6 and
Corollary 4.
Theorem 45 can be immediately deduced from Propositions 11 and 12, since

sin(o,) < sin(ar,) +sin( o) ).

15.5 Approximation of the Area of a Smooth Surface by the Area
of a Triangulation
A direct application of Theorem 45 gives the following result.

Corollary 9. Let S be a (compact orientable) C*-surface in E* and T be a triangu-
lation closely inscribed in S. If

4
(rlg(T) +2> ms(T) <1,
then the area of S satisfies
\/1_($+2)2ES(T)2AT CAS) < — AT
trasmy D =AO= G AT

Corollary 10. Let S be a (compact orientable) C*-surface in E>. Let T, be a se-
quence of triangulations closely inscribed in S. If

1. the length of the edges of T, tends to zero when n tends to infinity,
2. the rightness of T, is (uniformly) bounded from below by a positive constant,
then

lim A(T,) = A(S).

n—oo

Using (15.2), we also have the following result.

Corollary 11. Let S be a smooth surface and T be a triangulation closely inscribed
in S. Then
|A(T) = A(S)| < C(S)r(T),

where C(S) is a constant depending on S.



Chapter 16
The Steiner Formula for Convex Subsets

This chapter is devoted to the computation of the volume of the parallel body of a
convex body /C at distance € (see the definition below). It appears that the convexity
of IC implies that this volume is polynomial in &, the coefficients (P (KC),0 <k <N)
depending on the geometry of /C [77]. Up to a constant, these coefficients (called
the Quermassintegrale of Minkowski) are the valuations, which appear in Defini-
tion 23 and Theorem 28 of Hadwiger. Moreover, these coefficients can be easily
evaluated when the boundary of X is smooth: up to a constant depending on N,
they are the integral of the k""-mean curvatures of the boundary oK of K. That is
why they are good candidates to generalize the curvatures of a smooth hypersurface:
they can be defined for any convex subset, even if its boundary is not of class C2.
We shall say that the sequence @y (k) defines the k”*-mean curvatures of K (and
by extension if there is no possible confusion, the k""-mean curvatures of dK). Of
course, the explicit evaluation of these curvatures cannot be done by differentia-
tions of a parametrization of the boundary, because of the lack of differentiability.
We shall directly evaluate them for convex polyhedra. All these techniques will be
generalized in the next chapters to objects which are not convex, but which have
geometrical properties close to those of convex bodies.

16.1 The Steiner Formula for Convex Bodies (1840)

The Steiner formula gives the behavior of the volume of the tube /¢ of radius € of a
convex subset K of EV (see Definition 9). It will be proved that it is a polynomial in
€, whose coefficients depend only on K and the dimension N of the ambient space.

Theorem 46. Let K be a convex subset of EN. Then,

N
Voly (Ke) = Y. @ (K)e", Ve > 0. (16.1)
k=0
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Moreover,

@y (K) = Voly(K). (16.2)

The coefficients @, (K) are called the Quermassintegrale of Minkowski and the
polynomial itself is called the Steiner polynomial.

Proof of Theorem 46 The following proof uses the Cauchy formula, given in
Theorem 27. We proceed by induction on the dimension N of the ambient space:

e For N = 1, it is trivial, since in this case /C is a point or segment, and
Vol (KC¢) = Vol (K) + 2.

e Suppose that the formula is true up to N — 1. Let p be a real number such that
0 < p < &. Consider the projection ICPPM1 of ICp onto any hyperplane PN=1 of

EN. The subset Kp v, is still convex and one can apply the induction assumption
P
N—1

Voly_ 1 (Kppv-1) = Y, @(Kpv-1)pk,¥p > 0. (16.3)
k=0

e Using an integration by slice (Theorem 32), one has
&€
Voly (Ke) = Voly (K) + / Voly_1 (9K, )dp.
0
e Now, we evaluate Voly (9K, ) by the Cauchy formula (Theorem 27)

£
Voly(Ke) = Voly () + / ¢(N) / oy YOI (o AP .
0 G

N.N—1)

e We replace Voly_; (IC,,PNfl ) by its value in (16.3)

P N-1
Voly(Ke) = Voly(K) + / ¢(N) / (Y & (Kpv1)p")dPY " dp,
0 G(NN-1) (=
and integrating in p, we find that
N
Voly(Ke) = Y @ (K)er (16.4)
k=0

with suitable ;. [

An Important Remark Although we do not specify the dimension of the ambi-
ent space in the notations of the Quermassintegrale, their values depend on it. In
fact, the parallel body of X considered in EV is different to the one considered in
EN /, N # N'. To avoid any confusion, it is better to denote the Quermassintegrale
by @ v (K). If we consider the standard embedding of EV in EN™!, then
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1 1
— DN (K) = — P v41(K), (16.5)

by b1

where by denotes the volume of the unit k-dimensional ball. In other words, intro-
ducing the quantities

1
AN (K) = T‘I’ka,N(’C% (16.6)
N—k
(16.4) can be written
N
Voly (Ke) = Y Av—in(K)be*, Ve > 0 (16.7)
k=0
and (16.5) becomes
Ay =Ains1- (16.8)

We conclude that the coefficients A; y depend only on (i and) the geometry of
and not on the dimension of the ambient space. One says that they are intrinsic.
Consequently, since any convex subset C is a convex body of an affine space of
minimum dimension P, the only interesting Quermassintegrale are the @ p(KC).
So, without loss of generality and when no confusion is possible, we can assume
from now on that K is a convex body of EV.

Warning! The word intrinsic has different meanings in geometry. Here, it means
that the studied quantity does not depend on the dimension of the ambient space.

16.2 Examples: Segments, Discs, and Balls

The Steiner formula can be checked in particular cases by a direct computation: as
we have seen in the proof of Theorem 46, the simplest (trivial) example occurs with
N = 1. In this case, K is an interval I and we have

l(IS) = l(l) +2£7

where / denotes the length (Fig. 16.1).
When N = 2 or 3, we have the following results, in which A denotes the area:

I. fN=2and
e pisapoint in E2, then (Fig. 16.2)

A({p}e) = me;

Fig. 16.1 The tube of radius L ]
€ of a segment / in R



156 16 The Steiner Formula for Convex Subsets

Fig. 16.2 The tube of radius
€ of a point in E?

Fig. 16.3 The tube of radius
€ of a segment in &> €

Fig. 16.4 The tube of radius
€ of a disc in E?

e [isasegment in E2, then (Fig. 16.3)
A(le) =21(I)e + me?;
e if Dis adisc in E?, then (Fig. 16.4)
A(De) =A(D) +1(dD)e + me?.

2. If N=3and
e pisapoint in E?, then (Fig. 16.5)

4
Vols({p}e) = 3 7€’
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Fig. 16.5 The tube of radius
€ of a point in E?

Fig. 16.6 The tube of radius K
€ of a segment in E? €

Fig. 16.7 The tube of radius
€ of a ball of radius r in E*

e [isasegment in E3, then (Fig. 16.6)
2, 43
Vols(I;) = ml(I)e” + 3TE
e if Bis aball of radius r in IE3, then
2 2, 43
Vol3(Be) = Vols(B) +4rmr-e + 4mre” + gns ,

where r denotes the radius of the ball B (Fig. 16.7).
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16.3 Convex Bodies in EV Whose Boundary is a Polyhedron

In this section, we deal with the case where the boundary d/KC of the convex body
IC is a polyhedron (we can reduce our study to the case of a body using (16.8)).
Let us compute the coefficients of the Steiner polynomial. We use the notations and
definitions given in Chap. 6.

Theorem 47. Let K be a convex body of EY whose boundary K is a polyhedron.
Then

k=N
Voly(Ke) = Y @(K)e". (16.9)
k=0

The coefficient y(KC) can be evaluated as follows:

o If oV is any simplex of EV, then

Do)=Y Voly (6" F) (o * oM)" (16.10)

oN-kcaoN
e More generally, for any convex body IC,
Dy(K) = Voly(K),

@, (K) = Voly_;(9K), (16.11)
(DN(IC) = VOIN(EN),
and Vk,1 <k <N,
D (K)= Y Volyi(c"F) (V¥ M), (16.12)
oN-kcoK

where:

— o % denotes a generic (N —k)-face of IK.
— (6N %, 6N)* denotes the normalized dihedral external angle' of &
— BY denotes the unit ball of EV.

N

N=k jn oN.

When N = 3, the formula becomes the following (we denote by [(a) the length
of the edge a and by Z(a) the dihedral angle of the edge a):

Vols (K¢) = Vols (K) + A(0K)e + (Y, Z(a)l(a))e* + gne3. (16.13)
acdK

Sketch of proof of Theorem 47 We shall decompose ¢ into a union of subsets
“lying above the k-faces” (0 < k < N) and evaluate the volume of each portion.
Note that

K = Up<ren—1F¥,

! This angle has been defined in Chap. 6.
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where F* is the union of the k-faces of K. Let ¥ be any k-face of K. We define
k
Bk((y 78) - UéeLm,mGGk [m,m—&—eé],

where L,, denotes the basis of the normal cone C*-(c*) at any point m of 6* (see
Chap. 6). Note that
Voly(By(c*,€)) = Voly(L(c*))e*.

On the other hand,
Ke =KUp<k<n—1 Uo.keaKBk(O'k,E).

Since the intersection of two portions of the previous union is empty or has a null
N-measure, we deduce that

VOIN(K:S) = VO]N(/C) + Z VO]N(Bk(Gk,S)),
0<k<N-1

from which we get (16.9). Clearly,

CI)()(/C) = VOIN(IC), and @, (IC) = VOlel(aK:),
since for any (N — 1)-face ¥ ~! and for any m € oV ~! L, is reduced to a point.

Finally, the union of the basis L(c) over all 0-simplices is an (N — 1)-sphere
SV- ', from which we obtain

q)N(IC) = VOIN (BN)

Details and further results can be found in [9, Tome 3, 12.2,12.3]. O

16.4 Convex Bodies with Smooth Boundary

Now, we deal with the case where K is a convex body with smooth boundary
dK (once more, we can reduce our study to the case of a body using (16.8)).
We shall compute the coefficients of the Steiner polynomial. Using classical dif-
ferential geometry, we prove that the coefficients ®;(/C) are proportional to the
(global) (k— 1)""-mean curvatures (also called global Lipschitz—Killing curvatures)
My_1(9K) of K, defined by

!
M (0K) = - /{m Eedvar, (16.14)
N—1

=, denoting the k'"-elementary symmetric function of the principal curvatures
A, ...,Ay_1 of K. The Steiner formula can be stated as follows.
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Theorem 48. Let K be a convex body in EN whose boundary 9K is a hypersurface
of class C2. Then

Voly (Ke) = Z (K (16.15)
with
) (K) = Voly (K), (16.16)
and, for each k > 1,
k
D (K) = C—Mk {(9K). (16.17)

Thus, the Steiner formula can be stated as follows:

k
Voly (Ke) = Voly () + Z S, aK)et ve =0, (16.18)

In particular, if K is a convex body in E® with smooth boundary, then
1
Vols (K ) = Vols (K0) + A(9K)e + (/a Hda)e> + 5(/,; Gda)e®,  (16.19)
K K

where H (resp., G) denotes the mean curvature (resp., Gauss curvature) of diC.
Note that the Gauss—Bonnet theorem implies that the last term is equal to %n£3
since K is convex. Consequently, we can state that

Volz (Ke) = Vol3(K) +A(9K)e + (/a Hda)e* + gne3. (16.20)
K

Proof of Theorem 48 Let
x: 0K —EN

be an isometric immersion of dK into EV. If & denotes a generic (outward) unit
normal vector field, then

O(1) = x+18

generates d/C; in EV.

Let (¢;,1 <i<N—1) be alocal frame on dXC. Without loss of generality, we can
assume that they are principal vectors of K in the direction &. For every i,1 <i <
N — 1, we have

A§ e = A,F €,
where lf denotes the principal curvatures of K (with respect to &). Then

d¢,(€i) =e; +A,};€i =e; th?Ll-ée,-.



16.5 Evaluation of the Quermassintegrale by Means of Transversal Integrals 161

Consequently, the volume form dvyy., of dIC; satisfies
dvor, = (0 +125@" ) A A (@ 125 0V ) =
Y 2o Ao
k
where (®',1 <i < N—1) is the dual frame of (¢;,1 <i <N —1). Then

Voly (Ke) = Voly(K +Z / Ei(&)dvyi that,

ie.,
k

N
(&
Voly(Ke) = Voly(K) + ) WNM/H(WC%
i1

which implies (16.18).
Details and further results can be found in [73, Chap. 13, Sect.5]. U

16.5 Evaluation of the Quermassintegrale by Means
of Transversal Integrals

We have seen in the previous sections that the Quermassintegrale can be evaluated
in some particular cases in terms of local invariants: angles, lengths for polyhe-
dra, and principal curvatures when the boundary is smooth. We give here a global
interpretation of these quantities by means of fransversal integrals introduced in
Definition 24, using the Cauchy and Kubota formulas (see Theorems 27 and 29).

Theorem 49. Let K be a convex body of EN. Then, for every k,
P (K) = CyWi(K), (16.21)
where Wy denotes the k™-transversal integral of K.

Consequently, the Steiner formula can be stated as follows:
Ve >0, Voly(Ke) = Z CKW, () ek (16.22)

Proof of Theorem 49 We prove this theorem by induction on the dimension N
of the ambient space:

e For N = 1, the result is trivial.
e We assume that the result is true up to N — 1. In particular, for each hyperplane
PN-! we have
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N—1
Vp > 0,Voly1(Kpy ) = Y. ChWi(Kpn-1)p". (16.23)
k=0
On the other hand,
i
Voly (Ke) = Vol (K) + / Voly_1 (9K, )dp. (16.24)
0

Using the Cauchy formula (Theorem 27), we get
Voly_1(9K :/ Voly 1 (Kp, ., )PV~
N-1(9p) sty TN 1(Kp,y1)

Using induction, we have

Vol 10 P = TG [ Y
Lo Vo1 ) ): ()P

G(N,N—1)

By the Kubota formula (Theorem 29), we get

N—1
/G(N,N71)V01N71(ICPPN’1 PN = %" ChWy1 (Kpn—1)p.
We deduce that

Ve >0, Voly (Ke) = ZCNWk K)ek. O (16.25)

16.6 Continuity of the ®;

It is interesting to note that the coefficients ®; satisfy continuity properties. We
have already seen that @ (i.e., the N-volume) and ®; (i.e., the (N — 1)-volume of
the boundary) are continuous on the set C;, of convex bodies of EN endowed with
the Hausdorff topology (see Theorem 26). Since the other ®; are proportional to the
transversal integrals W, which are continuous valuations (see Proposition 6), they
are themselves continuous.

As an application of the Steiner formula (Theorem 46), we shall be more precise
as follows.

Theorem 50. Let K and K' be convex bodies of EN whose Hausdorff distance is
smaller than p. Then for each k,0 < k < N, there exists a constant C;,(N,K) (de-
pending only on the Quermassintegrale of K and the dimension N of the ambient

space) such that
|q)k(]C) —Cbk(lC’)| < Ck(N,IC)p (1626)
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Sketch of proof of Theorem 50 The proof is by induction on k. For k = 0, the result
is a consequence of Theorem 46: since K’ € Ko,

‘VOINIC/ - VOINIC‘ < |V01N]Cp - VO]N/C|.
Using the Steiner formula, one has
|V01NICP —VOlN’C‘ < C()(N,IC)[),

where Cy(N,K) is a constant depending on the dimension of the ambient space
and the Quermassintegrale of . Consequently, the first part of Theorem 50 is
proved for kK = 0. One completes the proof by induction, using the Kubota formula
(Theorem 29), since the coefficients ®;, are proportional to the coefficients Wy. [

Remarks

e [t is important to note that Theorem 50 gives quantitative informations: the
knowledge of the geometry of K and the Hausdorff distance between K and K’
give a bound on the difference of the transversal integrals.

e It must also be noted that the assumption of convexity is crucial to obtain conti-
nuity results for every ®y. For instance, we have seen in Chap. 3 the well-known
example of the Lantern of Schwarz in ]E3, which shows that the area is not con-
tinuous with respect to the Hausdorff topology.

e As an obvious consequence of Theorem 50, if (KC,),>0 is a sequence of convex
bodies of EV whose Hausdorff limit is the (compact) convex subset K, then

Vk > 0, lim @4 (K,)) = Dy (K). (16.27)

Note that the dimension of K may be different to the dimension of k. For in-
stance, a sequence of “full cylinders” with the same axis and radius % may tend
to a straight line. In this case, the limit is not a body and one can use directly
(16.5) to compute its Quermassintegrale.

e In E?, the only interesting information given by Theorem 50 is the behavior of
the mean curvature of closed surfaces: we deduce from (16.13) and (16.20) the
following result.

Corollary 12. Let P, be a sequence of convex polyhedra in B* whose Hausdorff
limit is a (closed convex) surface S. Then, the mean curvature H of S satisfies

/Hda: lim Y Z(an)i(a) (16.28)
s o

n—oo

(I(an) denoting the length of the edge ay, Z(a,) the dihedral angle of the edge a,
and H the mean curvature of S).

Warning! Noncontinuity of Pointwise Curvatures. At this step, it must be no-
ticed that, although we have a global continuity result on the collection of convex
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subsets of EV, there is nonpointwise continuity. For instance, consider the hyper-
sphere S¥ ! ¢ EV, a point m on it, and the normal line &,, of S¥~! at m. Let K, be a
sequence of (convex) polyhedra which tend to unit ball B for the Hausdorff topol-
ogy, such that the sequence m,, of points obtained by intersecting the normal line
&, with dC,, are smooth points of dC,,. The curvatures of d/C, at m,, are obviously
null since the dC, are totally geodesic at the interior points of their (N — 1)-faces,
although the curvatures at every point of S¥~! are 1.

16.7 An Additivity Formula

It is also interesting to note that each Quermassintegrale satisfies an additivity for-
mula. Indeed, if K; and K, are two convex bodies of EN, then their N-volumes
satisfy

VO]N(]C1 U ICQ) = VOIN(’C1) —I—VO]N(]Cz) — VOIN(ICl ﬂ’CQ). (16.29)

(This formula is obviously true even if X; and K, are not convex since the N-volume
Voly (K) is nothing but the Lebesgue measure of the subset .)

Moreover, we have seen in Proposition 6 that every transversal integral Wy is a
valuation and then is additive. Consequently,

Wi (K1 UKL) = Wi(Ky) + Wi (Kp) — Wi (KK N KC,) (16.30)

and
D (K1 UK,) = B (K1) + D (K2) — B (K1 NK). (16.31)



Chapter 17
Tubes Formula

In Chap. 16, we have seen that the volume of the parallel body of a convex body
with smooth boundary is a polynomial whose coefficients depend on the second
fundamental form of the boundary. This formula has been generalized by Weyl [82]
for the volume of tubes around any smooth submanifold in EV, with or without
boundary.

17.1 The Lipschitz—Killing Curvatures

In Chap. 11, we have defined the notion of k"-mean curvature of a submanifold M"
of EV of any codimension. Using the Gauss equation (11.17) and integration over
the fibers of the unit normal bundle (see Theorem 32), Cheeger et al. [25] proved
that these quantities are related to the so-called Lipschitz—Killing curvatures of M",
which are intrinsic invariants of M", i.e., depending only on the curvature tensor of
M" and the second fundamental form of its eventual boundary.'

Let us begin with the precise definition of the Lipschitz—Killing curvatures.

Definition 40. Let M" be a Riemannian manifold (with or without boundary), iso-
metrically embedded in EV:

1. At each point of M"\dM", the j”* Lipschitz—Killing curvature R; is the n-
differential form locally defined as follows:

e If jisodd, R; is null.
e If jiseven, R; is given by

Ry =(~1)/((n— j)127mi (/20" Y (-1 Qi A A Q"

cean 17.1)
AGUHY A A @™,

! The boundary is considered as a hypersurface of M”".
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2. Similarly, the j” Lipschitz—Killing curvature of dM" in M" is the (n— 1)-
differential form locally defined by

Hj=Y 0, (17.2)
k
where
. Giy iy i i(2k-1)
ijick,/ Z (71) i I)Qi;/\"'/\QiZk
cesnl (17.3)
AT N L AGT A@T A A @
with

o= (—1)k+1((n—j)zz{n<ff1>/2k!(%—k)!)—l, if jis odd,
P (= DR(n— j) 12812 i 2k (j— 2k — 1)) if jis even,

where (j—2k— 1)1 =1.3.5....(j— 2k —1).

(The 1-forms (®',...,®") are the dual forms of a local orthonormal frame

(e1,...,ey) such that e, is normal to dM"; the 1-forms a)l-j are the corresponding
connection forms; and the 2-forms Q’j are the curvature forms of M". The sum is
over all the permutations ¢ of n elements.)

In particular:

® Rq is the volume form of M". ' '
e R, isnull if n is odd, and proportional to } Qg A A Q;Z’l if n is even.

The form R, is involved in the Gauss—Bonnet theorem as we shall see later.

The link between the notion of k”*-mean curvature and k" Lipschitz—Killing cur-
vature is given by the following proposition (in which we identify ST;-M" with
SN for every m € M"\ dM" and ST,;-dM" with SN~ for every m in IM™).

Proposition 13. Let M" be a compact oriented n-dimensional Riemannian manifold
(with or without boundary), isometrically embedded in EV :

1. Let m be a (fixed) point of (M"\OM"). Then, E(&),, is a function defined on
ST;-M" such that:

e [fkisodd,
/SMH Ei(§)d&n = 0. (17.4)
o [fkiseven,

( /s o EW(E)dEy)dvy = Re(m), (17.5)

this equality being considered as an equality between two n-forms at each
point m of (M"\ OM").
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2. Let m be a (fixed) point of dM". Then, Zi(&),, is a function defined on
ST.-oOM" = SN™" such that

/SN L Ek(8)dEp)dvoym = Hy(m), (17.6)

this equality being considered as an equality between two (n — 1)-forms at each
point of IM".

Sketch of proof of Proposition 13 We indicate the proof for a point m € (M"\
aM™):

1. If k is odd (and for a fixed m € (M"\ dM")),

/SMH Er(§)dEn =0, (17.7)

since in this case Ex(—& )y = —Er(&)m-
2. If k is even (and for a fixed m € (M"\dM™)),

( / Non1 Zk(8)dSm)dvapm (17.8)
can be expressed in terms of the curvature forms of M". Indeed, consider (17.1):

Ry = (=12 ((n= )12in 2 (j/n ™" Y (~1)%n Qi A AQ

ceS"

A@GH) A LA @,

Each term Q’] can be expressed with help of the Gauss equation:
=Y oy nof, (17.9)
a

where the sum is taken over any normal frame {&, ..., &g, .-, §v—n) }- Moreover,
each term @ can be expressed with help of the tensor h::

i
=Y nio’
J
Consequently, (17.1) becomes

Rj = (1) ((n= N2 7P (j/2)1) " Egesi (1) (L bl h,)

(Zal :x 1 ll) O AD2A . A®TA@UDA LA, (17.10)

On the other hand, if £ is any normal vector, E; () is the sum of all determinants
of k-minors of the matrix hi One can decompose & into the frame &, Integrating
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on the sphere SY "1 it is easy to conclude that the only non-null terms in the
sum are exactly the Ry.
3. Similar proofs apply for a point on dM". [

17.2 The Tubes Formula of Weyl (1939)

Let M" be a Riemannian manifold (with or without boundary), isometrically em-
bedded in EV. We shall evaluate the volume of the tube M? of M" of radius &.

17.2.1 The Volume of a Tube

Using the previous Lipschitz—Killing forms, we introduce now the global Lipschitz—
Killing curvatures M.

Definition 41. The global Lipschitz—Killing curvatures M, of a (compact) subman-
ifold M" of EV are defined by

S]ﬁ (fM" k+n7N)+f8M" H(k+n7N))a ifk+n—N=>0,

(17.11)
M (M™) =0 otherwise.

My (M") = {

Of course, these quantities coincide with those defined in the case of a convex
hypersurface (see (16.14)).

We can now state the theorem of Weyl, which is an easy consequence of
Proposition 13.

Theorem 51. Let M be a compact oriented n-dimensional Riemannian manifold
(with or without boundary), isometrically embedded in EN. Then, the volume
Voly (M}) of M} is a polynomial in €:

Voly (M) = ZC,"VMk (M™)er (17.12)
k=0

Using the notation of Chap. 16, Theorem 51 implies that one can write
Voly (M) = Z O (M")er, with By (M™) = CK M (M™). (17.13)

Remarks

1. In particular, we see that the first nonzero @y is ®y_;,.
2. Suppose that M" is a (compact oriented) n-dimensional Riemannian mani-
fold without boundary, isometrically embedded in EN. Then, we deduce from
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the definition of the scalar curvature (see Chap. 10) that ®y_,42(M") equals
Sy rdva, up to a constant depending on the dimensions, where r denotes the
scalar curvature of M".

3. With the same assumptions, and assuming that n is even, we have

ey =c | ¥ (= 1) QAL AQY, (17.14)
"oesr

p _ (=D"Chsy-
with € = (N—n)127 /2 (n/2)!"
4. With the same assumptions,

Dy_p(M") = sy_ Vol (M"). (17.15)

5. In particular, if M" has no boundary, then the ®y_,.; are null when k is odd.

6. In this section, we have supposed for simplicity that M" is oriented. However,
ST+M" is always oriented even if M" is not. This can be seen as follows. We can
identify dM? with ST+M", via the exponential map (modified by a factor €):

O (m+e€y) — (m,&p).

Since dM is a closed hypersurface of EV, it has a canonical orientation given by
the outward normal. The manifold STM" can be endowed with the orientation
given by this identification.

7. The exact values of the constant coefficients have been computed in [24,25]. We
leave it to the reader to check them.

Sketch of proof of Theorem 51 We give here a short idea of the proof (when the
submanifold has no boundary). Let

x:M"—EN

be the isometric immersion of M" into EV. If & denotes a generic unit normal vec-
tor, then ¢ (1) = x +t& generates the sphere normal bundle S,7+M" of radius 1,
considered as a hypersurface of EY (Fig. 17.1).
Let (e;)1<i<n be a local frame of principal vectors in the direction &. For every
i(1 <i<n), wehave
Age,‘ = AF e;.

Then
d¢,(£,‘) =e; —I—A,ge,- =e; +t),i§ei.

Consequently, the volume form dvg, 7.1 of the sphere normal bundle S;T+M" of
radius ¢ at the point £ satisfies

Avg r iy = (@1 +IAF OV Ao A (0" 12,5 0") APV dvgy
Y (E)Fo A A" AT gy
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Fig. 17.1 The map m —
m+1&

Then, using the area formula (Theorem 19), we find that

Voly (M) Z /t ) / BByt ds

=&
/N 1/ Y S E)N T ol A A" NdE Ndvgy-n
70 S —n— M}l k

_ (V-R)!

n!

(17.16)
Kir ([ SE)dmped ",

where (®') denotes the dual frame of e;.

The left-hand side of (17.16) is a polynomial in &, whose odd terms are null by
Proposition 13 since we assume here that M" has no boundary. The even terms can
be written in terms of R; by using the Gauss equation (17.9), from which we deduce
Theorem 51. The proof is similar for submanifolds with boundary. [

17.2.2 Intrinsic Character of the M

Weyl made the following fundamental remark, which is an obvious consequence
of our previous computation: at each point of M", the Lipschitz—Killing curvature
forms depend only on the intrinsic geometry of M" and are independent of the iso-
metric embedding. They can be computed with only the knowledge of the curvature
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tensor of M" and the second fundamental form of the boundary dM", considered
as a hypersurface of M". This implies that two isometric immersions of the same
manifold M" in EV have the same Lipschitz—Killing curvatures. In particular:

e The quantities M; depend only on the intrinsic geometry of M" and are conse-
quently independent of the embedding.

e Moreover, as for the coefficients Ay y defined in the convex case (see (16.6),
Chap. 16), they are independent of the codimension. Once again, the Lipschitz—
Killing curvature forms and the global Lipschitz—Killing curvatures are intrinsic
invariants of M".

e When M" has no boundary, the only non-null terms M, are the even ones. These
coefficients are the same as those which appear in the Gauss—Bonnet formula,
generalized by Allendoerfer and Weil [3] and Chern [28] among others.

17.3 The Euler Characteristic

Recall that the Gauss—Bonnet theorem relates the Euler characteristic of a mani-
fold with its curvature tensor (see Chap. 10). If M" is even dimensional and has no
boundary,

(=12 / i i i{n-1)
M= —~ L 2 —1)% i QA L AQ, . 17.17
X( ) 2”717"/2(71/2)' Mn O'ES”( ) 1 2 fn ( )

With our notation, (17.14) implies that
Sy (M") = My (M") :sN,l/ Ry = byy(M"). (17.18)
M}'I

If M™ has a boundary, we add the boundary term in H,,:

By (M") = My (M") :sN_l/ Rn+/ Hy = by (M"). (17.19)
Jmr omn

Note the important fact that the previous equations show that the term ®y has a
topological meaning, since the Euler characteristic is a topological invariant. This

result can be seen as a generalization of the convex case, since the Euler character-
istic of a convex subset is always equal to 1.

17.4 Partial Continuity of the &,

It is clear that the continuity of the ®; mentioned for convex bodies is not satis-
fied for smooth submanifolds: for instance, using a construction analogous to the
Lantern of Schwartz (Sect.3.1.3), it is easy to construct an example of sequence of
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smooth surfaces, which approaches a finite cylinder and whose areas tend to infinity.
However, adding suitable assumptions on the sequence of submanifolds (in particu-
lar by bounding the principal curvatures), one can obtain convergence results.

Theorem 52. Let € > 0. Let S¢ be the class of n-dimensional compact submani-
folds M" of EN whose second fundamental form is bounded by €. Then for every k,
the map

M" — O (M)

is continuous on S¢, endowed with the Hausdorff topology.

A complete proof is left to the reader. It can be found in [42].

17.5 Transversal Integrals

In Chap. 16, we have seen that one has the possibility of expressing the coefficients
@y (K) in terms of rransversal integrals when K is convex. This can be done also
for the tubes formula of any smooth submanifold, in terms of the Euler character-
istic of the intersection of the submanifold with affine subspaces (see Sect. 10.7.3).
The following formula is a direct generalization of the convex case, since the Euler
characteristic of a convex body is 1.

Theorem 53. Let M" be a (compact oriented) submanifold embedded in EN. Then,
for every k,0 <k <N,

b
o (M") =k —~

Nbif x(M" PP, (17.20)
N—kYN .k JAG(N k)

where AG(N, k) denotes the Grassmann manifold of affine k-subspaces of EN.

Proof of Theorem 53 This formula is a special case of the kinematic formula of
Chern [30]. The proof we present here is that of Chern, adapted to the linear case.
We refer to [30] for details. Consider the subset of affine k-subspaces Pk whose inter-
section with M" is nonempty. Generically, such an intersection is a submanifold of
dimension n + k — N (one can restrict attention to the open set of affine k-subspaces
having such an intersection, since the union of the other ones has a null measure in
the affine Grassmann manifold). Over M" N P* consider a local orthonormal frame
(e1,...,en) of EN such that (e, ...,e;) is tangent to P¥ and (e, ..., e, x_y) is tangent
to M" N PX. Then, (éntk—N+1;---,en) is normal to M" N Pk and we shall introduce
the “angle” between this frame and the tangent plane to M”. Now, let (&1, ...,€n)
be orthonormal vector fields such that

(617-..,€n+k71\[,8]¢+1,-.-,8]\])
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is a local orthonormal frame of M". If ®; denotes the dual frame of e, one can write

N
Opt o = Z <g&,eriq > P, 1 <o <N—k,
I=kt1

with suitable 1-forms f;. At a point m € M" N P¥, note that By, 1 A ... A By is the
volume form of the affine subspace orthogonal to P¥ in M™.
On the other hand, the volume form dv]EH of the affine subspace orthogonal to

Pk at min BN satisfies
dVEka =W A AON = APt Ao A By,

where A = det < g,e,4 >. A crucial point is to note that A depends only on the
mutual positions of PX and 7M™ N P, Moreover, at any point m € M" N P,

Bri1 A... A By ANdVypmqpk = dvyn.
Let Y be the manifold
U " npkPh.
PkEAG(N k)

The manifold ¥ can obviously be identified with M" x G(N, k) and one can compare
their volume form. Writing dvagy x) = dvEka X dvg(n x> we deduce that

de”ﬁPk /\dvAG(NA,k) = AdVMn /\dvG(N,k)' (1721)

Multiplying (17.21) by R, x_n, where R,y is the curvature form associated
to the Riemannian manifold M" N P¥, we get

Rytk—nNAdVymepe ANAVaG(N k) = Rntk—nAdvyrn Ndvgy k- (17.22)

Integrating the left-hand side of (17.22) over AG(N,k) and using the Gauss—
Bonnet theorem, we obtain

RuskNAVynopi Nd = / M"NPYd 0 17.23
/A i /M oo RN Vo pt AdVAG(N 1) = € AG(N.,k)X( )AVaG v ) ( )

where c is a positive constant. To evaluate the right-hand side, we use Proposition 13:
R,4_n can be written in terms of the second fundamental form % of M" N P¥, con-
sidered as a submanifold of EV. Thus, at each pointm € M"N Pk,

Y k e
or-tmins EXRNENIE vyt = Rk (17.24)

Since P* is totally geodesic in EV, 7 is related to the second fundamental form
of M" by the equality

< h(u,v),w>=cos(0) < h(u,v),& >
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for all vectors u, v tangent to M N P and for all unit vectors & normal to M”, w being
the unit vector tangent to M" and normal to M" N P* defined by (cos 8)w = pryym&.
The other normal components of / are null.

Integrating the right-hand side of (17.22) over the product M" x G(N,k), we
remark that (17.22) implies that, at each point m € M",

—M" P/( —M"
/éeSZN i Enken (E) vy = € /568an Eik—n(8)dVvymepr,

where S?M %=1 denotes the unit sphere of vectors orthogonal to 7,(M" N P),
SN denotes the unit sphere of vectors orthogonal to T;,(M™ N P¥) and tangent to
P¥, and c is a constant depending only on the dimensions. Taking into account that
A is independent of the point m in M", one finds

/ / AR, ;N = cD(M"),
n JG(N k)

where c is a suitable constant. This constant ¢ can be evaluated by testing on spheres.
Theorem 53 follows. [

Remark Theorem 53 is a special case of the kinematic formula of Chern [30]. We
state this formula in the following theorem, in which G = SO(N)aE" denotes the
group of orientation-preserving Euclidean motions of EV.

Theorem 54. Let M" and N* be two closed submanifolds of EN. Then,

(M Ng(N))dg =Y, cib;i(M")D;_i(N), (17.25)
8cG i even

where c; are the constant, depending only on the dimensions.

17.6 On the Differentiability of the Immersions

In Sect. 17.5, we did not specify the differentiability of the involved submanifolds.
Since the formulas need the curvature tensor, the natural framework is the space of
immersions of class C2. However, if the immersions are only C', but with Lipschitz
normal frame, the same kind of formula can be proved, with slight modifications
since the involved quantities have sense almost everywhere, Lipschitz maps being
differentiable almost everywhere. The main results (obtained by integration) remain
valid and the tubes formula can be written as follows:

Voly (M) —/ /SN . Zuk Ndvgv-n1 ) AO A A@"ES,  (17.26)
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where &y is the coefficient of the term of degree k of the polynomial in the variable ¢.
In particular, we still have

@k(Mn) =0,Yk <N —n,

Dy (M") = sy Vol (M"), (17.27)
CI)N(Mn) = SN,IX(Mn).



Chapter 18
Subsets of Positive Reach

In previous chapters, we have seen that it is possible to define curvatures which
describe the global shape of two classes of subsets of EV, namely the convex bodies
and the smooth submanifolds. A good challenge is to find larger classes of subsets
on which a more general theory holds. In 1958, Federer [43] made a major advance
in two directions:

1. He could define a large class of subsets on which it is possible to define curva-
tures, extending the class of smooth submanifolds and convex bodies. The sub-
sets of £ belonging to this class are called subsets with positive reach. Basically,
the main observation is that the important tool in this context is the orthogonal
projection onto the studied subset. For a given convex body, this orthogonal pro-
jection is defined at every point of EV and, for a smooth submanifold, it is defined
on a neighborhood of it. Federer defined the class of subsets which admit locally
this property, even if they are neither convex nor smooth, calling them subsets of
positive reach.

2. He realized that this new theory could be considered as a particular (signed)
measure theory on EV.

18.1 Subsets of Positive Reach (Federer, 1958)

The subsets of EV we consider in this chapter will be systematically measurable for
the standard Lebesgue measure. Following [42], we have defined in Chap. 4.1 the
notion of reach of a subset of EV. We have seen that the reach of a convex subset is
+o0 and it is strictly positive for a compact smooth submanifold embedded in EV.
In general, the reach of a subset may be strictly positive, even if the subset is neither
convex nor smooth. That is why Federer gave the following definition.

Definition 42. A subset A of EV has positive reach if reach(A) > 0 (Fig. 18.1).

Subsets with positive reach are “not too far”” from smooth submanifolds and have
differential properties close to them, summarized in Theorem 55.

177
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Fig. 18.1 The subset A of E? has positive reach. It is nonconvex and its boundary is not a smooth
regular curve

Fig. 18.2 The case of a Ve N
“plain” subset A in E?

A

Notations. Following Federer [42], we put (Figs. 18.2 and 18.3)

As={m: da(m) < s},
AL ={m: da(m) > s}, (18.1)
PA={m: da(m)=s}.

Here are the main properties of the reach of a subset A. We have already seen
in Chap.4.1 that the distance function d4 to A is continuous, and the orthogonal
projection map onto A is also continuous when A is compact. We improve these
results in the following theorem.

Theorem 55. Let A be a subset of EV:

1. The map pr, is continuous on Uy.
2. Moreover, if

o mandm' lie in Uy,
o dy(m) <rda(m')<r,
o reach(A,pr,(m)) > g,reach(A,pry (m')) > g,
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PA

Fig. 18.3 The case of a curve A in E?

then q
d(pra(m) pra () <

3. The subset A has positive reach r > 0 if and only if the function

d(m,m’).

dy:{meBEN:0<da(m) <r} =R

is Cl.
4. If A has a positive reach r > 0, then, for all s,t such that 0 <s <t <r:

(a) grad du is Lipschitz on the open set {m € EN : s < d(m) <t}.

(b) The map pr is Lipschitz on the set {m € EV : ds(m) < s}.

(c) In particular, the hypersurface P2 is a C'-submanifold with a Lipschitz (unit)
normal vector field.

(d) P} admits almost everywhere a second fundamental form.

The proof is left to the reader (see [37,42]). Let us only make precise the sense of
(4-a) and (4-b). Usually, in the theory of Riemannian submanifolds, we assume that
“everything is smooth.” This means that we can differentiate the immersion as far
as we want and, in particular, we can take the first derivative of tangent (or normal)
vector fields, which gives the second fundamental tensors and the curvature tensors.

However, in our context, we do not need so much differentiability. In fact, con-
sider for instance a hypersurface which is only C'. Its normal vector field & is only
continuous. Suppose moreover that £ is Lipschitz. Then, it is almost everywhere dif-
ferentiable and one can define the second fundamental form /4 of the hypersurface
almost everywhere by taking the tangent component of 65. In this case, & (although
defined almost everywhere) is continuous, integrable, and still symmetric. This is
exactly what we need to prove the Steiner formula for subsets with positive reach.
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Remark Any compact subset of positive reach of E has finite homology. This
can be seen as follows. For s small enough, we have seen that P, is a compact C'-
submanifold and then it has finite homology. If & is the inward unit normal of P,
the map

Ng:Ps— A,

defined by
Vp € Py,ne(p) = p+58p,

sends P2 onto A. Since Mg is continuous, A has finite homology.

18.2 The Steiner Formula

The tubular neighborhood of subsets with positive reach has properties analogous
to those of convex subsets or smooth submanifolds.

Theorem 56. Let A be a subset with positive reach r in EV. Then, the volume
Voly (Ag) of a tubular neighborhood of A of radius € < r is a polynomial of de-
gree less than or equal to N in €:

N
Voly(Ae) = Y ®r(A)er. (18.2)
k=0

Sketch of proof of Theorem 56 The crucial point is to note that, although A is not
a smooth submanifold, P4 (with s < r) is a C'-hypersurface of EV with Lipschitz
unit normal vector field, and the tube formula of Weyl (17.12) can be applied to
Al s < r. The proof is a direct consequence of the two following lemmas. Fix s¢
such that € <sg < r (Fig. 18.4). U

Lemma 7.

S0

Voly({m € EN : m € (A}, ) and Pra;, (m) € P2}) (18.3)

is polynomial in L.

S0

Fig. 18.4 A, A¢, and P;‘(‘) N J
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Proof of Lemma 7 Let

By={mecE" :me (A} ), and Pra;, (m)e Py},
If x is a parametrization of PS/?), we define Psf(‘)t as the hypersurface generated by the

parametrization x +¢&, where & is the inward normal vector field of Py, continuous
almost everywhere. Then

VOlN(Bu) = IOH VOlN_l(PS'?) )dl

Yolo Ek(‘:)deA tkdt
= 5 Cllm) M (B,

where C(k,n) denotes a positive constant depending on the dimensions, Z;(&) de-
notes as before the k'"-elementary symmetric functions of the principal curvatures
P2 (defined almost everywhere), and M1 (P;) denotes the global (k— 1)-mean
curvature of P;g. O

Lemma 8.
Voly (Ae) = Voly(Ay,) — VolN(B<SO_£)). (18.4)

Lemma 8 is obvious, using the additivity of the N-volume.
The right-hand side of (18.4) being clearly a polynomial of degree N in &, the
proof of Theorem 56 is complete. In particular, one has

Dy (A) =My (PY). (18.5)
Corollary 13.
1. One has
D;(Ay) = icjs/—"cbj(AL 0<i<N. (18.6)
j=i
2. In particular,
Dy (As) =Py(A). (18.7)

Proof of Corollary 13 Let # and s be such that 0 < u < s — r, where r denotes as
before the reach of A. One has

VOIN((AS)M) = Voly (As+u)'
Then,

N
ZCIDk Ju —Zq)k u+s
k=0

from which we deduce (18.6). In particular, (18.7) is satisfied.
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18.3 Curvature Measures

Federer proved a better result, since he could localize the Steiner formula, interpret-
ing the curvatures as Radon measures on EV (see Definition 16). In other words, the
@y s can be interpreted as Radon measures.

Theorem 57. Let A be a subset with positive reach r in EV :

1. For every Borel subset Q (with compact closure) of EV, the N-volume of the
subset
A2 ={meE": dy(m) < & and pry(m) € O} (18.8)

is a polynomial in €:
N
Voly(A2) = ¥ @i (4,0)€. (18.9)
k=0
2. For every k, ®i(A,.) is a Radon measure.

3. Moreover, ® satisfies the additivity property: if A, B, AUB, and AN B have posi-
tive reach, then

D, (AUB, ) =®di(A,.) + Dy(B,.) — P (ANB, ) (18.10)
Consequently, we have the following result.

Corollary 14. Let A be a subset of EN with positive reach. For every k, ®y(A,.)
defines a Radon measure.

Sketch of proof of Theorem 57 Items (1) and (2) can be proved like Theorem 56,
considering for a fixed Q the subset

{m € EN such that ds,(m) < r and pry,(m) € 0} O

Definition 43. Let A be a subset of EV with positive reach. For every k, ®(A,.) is
called the k'"-curvature measure of A.

Remark To simplify the notation, we denote by the same symbol ®; the k-
curvature and the k"*-curvature measure. In particular, with this notation, ®;(A) =
D(AA).

18.4 The Euler Characteristic

The last term @y (A) has a topological interpretation, extending the smooth case.
In fact, we have seen in Sect. 18.1 that any compact subset with positive reach has
finite homology. Then, one can consider its Euler characteristic. In the smooth case,
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we have used the Gauss—Bonnet theorem to relate curvature and topology. Here, the
lack of differentiability leads us to use another approach. Following Federer [42],
we relate the Euler characteristic of A to the degree of a suitable map. The final
result is identical to the one obtained for smooth submanifolds.

Theorem 58. Let A be a compact subset of EN with positive reach. Then
Dy (A) =byx(A).

Sketch of proof of Theorem 58 Let r be the reach of A and s < r. Since A is a
deformation retract of Ay,

x(A) = x(As).

To evaluate Y (Ay), we consider the map f = dﬁ, which is smooth in a neighborhood
of A (see Theorem 12). The vector field

(gradf)jy, : Ay — EY

is continuous and its restriction to Py is clearly nowhere null. Consequently, the
(topological) degree of the map

(gradf)a, : (As, ) — (EV,EV\0)
equals the degree of the map
(gradf)p, : P — (EM\0).

On the other hand, since (gradf )‘ p, is proportional to the normal vector field 7 of
P;, (gradf)p, and the Gauss map G of P; are homotopic. Hence, they have the same
(topological) degree. Now, classically, the degree of G (which is — up to a constant —
the Euler characteristic of Py) is related to the integral of the second fundamental
form of P;:

bydeg G = My_1(F).

Moreover, using (18.5),
Mn_1(F) = Dy(A).

Finally,
by (A) =byx(As) = deg (grad)fip, = deg G = My_1(F;) = Py(A). O

Remark At this point, it becomes clear that we need a precise study of a generalized
Morse theory [61], [64], which can be applied to functions which are not C2. This
is not trivial since Morse theory is based on the study of the Hessian of functions.
This has been done by Banchoff [8] for polyhedra and by Fu [46] for subsets with
positive reach.
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18.5 The Problem of Continuity of the &y

In Chap. 17, we mentioned the noncontinuity of the ®; for smooth submanifolds in
general. A fortiori, continuity is not satisfied for subsets with positive reach. How-
ever, there are certain partial continuity results which must be mentioned. The reader
can easily be convinced that these results are generalization of Theorem 52. Once
again, the proof is based upon a precise study of the behavior of the distance func-
tion and the projection map.

Proposition 14. Ler € > 0. Let A be a subset of EN and let (Aq)q cN be a sequence of

compact subsets of EN with positive reach > &, such that the corresponding distance
Junctions da, converge to da uniformly on every compact subset of Ag. Then:

1. A is compact with positive reach > €.
2. Moreover,

Jim pry, = Ppra
uniformly on every compact subset of Ag.

Sketch of proof of Proposition 14 The proof of compactness of A is trivial. To
prove that A has positive reach > €, we use Theorem 55 and prove that the function
da is C! on (A¢ \ A). Consider any compact C in A,. Let m be a point in (A \ A).
We need to prove that d4 is C' at m. We put da(m) = a < €. Let U be an open
neighborhood of m such that U C A and let K be a compact subset of EV such that

meKCU

and e o
Since the sequence of functions dy, converges to d4 uniformly on every compact

subset of Ag, there exists a constant ¢ such that, if ¢ > ¢, then

E—0O
3

da (Aq) <

This implies in particular that if we take

2£+a <€
r=—+—

3 3 ’
we have

da,(n) <nVg>c,Vnek.

Since each dy ’ is continuous and the convergence is uniform, the limit is contin-
uous, in particular at the point m. Hence, dj is continuous at m. Moreover, we have
much more than that:
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e By Theorem 12, each term dﬁq is continuously differentiable on K. Moreover,
the sequence df\q converges uniformly to di on K.

e The sequence grad dﬁq satisfies

grad di (m) = 2(m —pry, (m))

for every ¢q. By Theorem 55, we know that

d(pry, (m).pry, (m)) = —=—d(m,n)

We deduce that

d(grad & (m), grad & (n)) < (2+

5 )d(mn).

e Then, the sequence dﬁq is equiuniformly differentiable on K. This implies that
di is uniformly differentiable on K and that the sequence grad dﬁq converges to
grad df, uniformly on K.

This implies in particular that grad d4 is continuous on K and then d, is C'.
Consequently, the reach of A is at least €. Using the definition of weak convergence
of measures (Definition 17), we can now state the following theorem. [

Theorem 59.

1. Let € > 0. Let RE be the class of subsets A of EN whose reach is greater than €,
endowed with the Hausdorff distance. Then for all k, the map

A— D4A,)

is continuous on RE for the weak convergence of Radon measures.
2. If A is a subset of EN with positive reach, then for every k, ®y (Ay,.) converges
weakly to ®y(A,.) when s tends to 0.

Sketch of proof of Theorem 59 We shall only prove that for all k, (P (Aq))q eN

converges to ®;(A). A slight modification of the proof gives the complete theorem.
We use Proposition 14: since lim, ...A, = A for the Hausdorff distance,

lim qu = dA:qIEEOXAq = XA7(1IEIC}OPIA,1 =PIy,

g—°

uniformly on every compact of A¢ (x4 denotes here the characteristic function of
A), and A has positive reach > €. Note that for a sufficiently small r,

iim [, = [

and consequently
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lim Voly(Ay,) = Voly(A,).

g—o0

Using (18.2), we get
Voly (A Z Dy (A,)r*, and Voly (A Z D (A

We deduce that, for every k € {0,...,N},

lim CI)A = CDA O

g—o°

18.6 The Transversal Integrals

Federer proved a kinematic formula, which allows us to relate the coefficients @
to each other. This extends the kinematic formula of Chern [30] (see Theorem 53).
We still denote by G = SO(N)aEY the group of orientation-preserving Euclidean
motions of E¥ and by AG(N, k) the (oriented) affine Grassmannian of k-planes in
EY (see Sect. 10.7).

Theorem 60. Let A be a subset of EY with positive reach. Then for every k,

by

i) =Cy bn_k Yk

/ 2(ANPY)dP*, (18.11)
AG(N k)
Remarks In fact, this formula is a particular case of the more general kinematic

formula, which we mentioned in the smooth case. The result is the same, in a larger
context.

Theorem 61. Let A and B be two subsets of EN with positive reach, B being com-
pact. Then for every k, there exists a sequence of constants ci(i,N) depending only
on the dimension N of the ambient space, such that

Loane®) = ¥ aliN@4)o(B). (18.12)

0<i<k

Theorem 61 has sense since Federer [43] proved that, if A and B have positive
reach, then A N g(B) has positive reach for almost every g. So, the left-hand side of
(18.12) is well defined. Now, using the fact that the Euler characteristic satisfies

X(AUB) = x(A)+ x(B) — x(ANB), (18.13)

we get a second proof of Theorem 57, item (3).



Chapter 19
Invariant Forms

The geometric measures of suitable subsets of EV (called geometric subsets in
Chap. 20) are obtained by integration of particular differential forms of EV x SV=1.
The goal of this chapter is to define and study these forms.

19.1 Invariant Forms on EVY x EV

We begin with an algebraic point of view. Consider the group SO(N) of rotations of
EN. The action of SO(N) on EV can be extended in a natural way to EY x EV: for

any a € SO(N), we put
a(x,y) = (a(x),a(y))-

Let A*(EN x EV) be the exterior algebra of forms on EY x EV. The group SO(N)
acts on A*(EN x EV) as follows. Let a € SO(N) and @ € AP(EN x EV). For every
(k) €EV xEY, 1 <k < p,

(@ @)((x1,31)5- -+, (5p,3p)) = @((a(x1),a(y1)); -, (alxp),alyp))).  (19.1)

We say that a form @ on EN x EV is invariant under the diagonal action of SO(N),
or simply under rotations, if for all a € SO(N)

ado=o. (19.2)

This section gives an explicit expression of the forms invariant under rotations.
Let (e1,ez,...,ey) be the standard orthonormal frame of EN. Let us introduce the
corresponding orthonormal frame of EY x EN

e e e
& = (01)782: (02>7"'58N: ((])\,)7

189
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~ 0\ ~ 0 ~ 0

Identifying the Euclidean space EV with its dual (and consequently the k-vectors
with k-forms), we define:

e The symplectic 2-form
Q=) g A&. (19.3)
k

e For every r € R, the N-form
V= (& +1t&)N...\(ey+1EN). (19.4)

This last form is polynomial in the variable 7. Let V) be the coefficient of ¢*. If
one decomposes AN (EV x EV) as

AN(EN xEY) = oY  A(k,N —k), (19.5)
with
A(k,N —k) = AK(EN @ 0) AAN (0 EN), (19.6)

one deduces a decomposition of the form V as
V=al Wi, with Vi € A(k,N —k).
Trivially, one has

Vi = Z(*l)ﬂ&‘n(l) N NEr(p /\Eﬂ(k+1) AR /\Eﬂ,’(N)' (19.7)

T

Theorem 62. The exterior algebra of forms on EN x EN invariant under the di-
agonal action of SO(N) is generated by the symplectic form Q and the N-forms
Vi, 0 <k <N.

We leave the proof of this purely algebraic result to the reader (see [49, 50] for
instance).

Remark It is crucial for the following to note that these forms have the same ex-
pression independently of the orthonormal frame with which they are defined, since
they are invariant under the group of rigid motion.

19.2 Invariant Differential Forms on EV x sV—1

Let us continue with a differential point of view. For further use, we now restrict
our attention to invariant (N — 1)-form, defined on EN x S¥~!, modifying a little the
notion of invariance. Denote by D the Poincaré group of rigid motions of EV. It is
well known that D is the semidirect product of the group of translations (identified
to EV) and the group SO(N) of rotations:
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D =E" « SO(N). (19.8)

The action of D on EV can be extended in a natural way to EV x S¥~! by putting
o(x,n) = ((t,a)x,an),vx € EN vn e S¥~!

for all ¢ = (r,a) € D.

Consider the space DV—!(EN x SN1) of differential (N — 1)-forms on EV x
SN~!. The group D acts on this space as follows. Let ¢ € D. V(X;,mi) € T(EN x
SV 1<k<N-1,

¢*(w)((X17r'1)7 [ERE) (XN—17nN—1)) = w(d¢(X17771)7 oe- 7d¢(XN—l7nN—1))7 (199)

Definition 44. A differential (N — 1)-form @ on EY x SV~ is invariant under rigid
motion if, for all ¢ € D,
0 =0.

We now give an explicit expression for the invariant differential (N — 1)-forms.
Let (m,&) be a point of EN x S¥~!. Consider an orthonormal frame of EV whose
N"-vector is &:

(e1,e2,...,en—1,ey = &).
(The choice of putting & at the last entry is totally arbitrary and will appear to be
convenient later.)

Then, an orthonormal frame of T(m@EN x SV~ is given by the vectors

- 3) - 5) e (v59)
S (0N 2 (0 o [0
1= e ;€2 = e yeey EN—1 — en_1 .

Identifying the Euclidean space EV with its dual (and consequently the (N—1)-
vectors with (N — 1)-forms), we can define the following (N — 1)-form:

V(t) = (81 +t§1) AN (En-1 -‘rl‘FSVNfl)(m"g). (19.10)

This defines a differential (N — 1)-form on STEY = EV x S¥~!, which can
be considered as a polynomial in the variable ¢. Let W, be the coefficient of X,
Then, W is a differential form which does not depend on the orthonormal frame

(81,...,61\/ = é)

Definition 45. For 0 <k <N —1, the (N — 1)-differential form W}, defined on EN x
SN~ as the coefficient of ¥ in V(r), is called the k" Lipschitz—Killing curvature
form.
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Trivially, one has

Wi = Z(—l)nSﬂ(l) N NErry Agﬁ(k+1) A /\Eﬂ(n,l). (19.11)

T

Roughly speaking, these forms span the C**-module of differential (N — 1)-forms
on EV x SV~ invariant under D. More precisely, one has the following theorem.

Theorem 63. The vector space of invariant differential (N — 1)-forms on EN x SV~
has dimension N if N is even and N + 1 if N is odd. It is spanned by the forms

(Wk) (k=0.....(N—1)) and, if N is odd, by o't (where Q denotes the standard sym-
plectic form of EN x EN restricted to EN x SN~1).

19.3 Examples in Low Dimensions

e Suppose in particular that N = 2. Then, the space of invariant 1-forms of E? x S!
has dimension 2. At a point (p,& = e,), it is spanned by the two 1-forms

Wo = &,
W =¢.

e Suppose now that N = 3. Then, the space of invariant 2-forms of E* x S? has
dimension 4. At a point (p,& = e3), it is spanned by the four 2-forms

Wo=¢€1N&,
W) =g /\52 +51 A&,
W, :51 /\52,

Wi = Q‘ENXSNq =& /\E] +& Agz.

Remark Once again, note that these forms have the same expression independently
of the orthonormal frame with which they are defined, since they are invariant under
the group of rigid motion.



Chapter 20
The Normal Cycle

This chapter is the heart of the book. As we wrote in the introduction, a major ad-
vance in the construction of generalized curvatures was accomplished by Wintgen
and Zihle: these authors wanted to include simple subsets like polyhedra in the the-
ory. They replaced the measures of Federer by differential forms on the unit sphere
bundle STEYN invariant under rigid motions, which can be integrated over any cur-
rent (defined in Chap. 19). Then, they associated to suitable subsets A of EV an
(N —1)-current on STEY called the normal cycle N(A) of A. This current general-
izes the unit normal bundle of submanifolds and has two basic properties:

1. N is additive:
N(AUB) = N(A) +N(B) —=N(ANB) (20.1)

(when it makes sense).

2. N(A) contains the geometry of A. More precisely, by integrating on N(.A) the in-
variant differential forms, one obtains the Quermassintegrale defined on A when
A is the boundary of a convex domain and the usual global Lipschitz—Killing
curvatures when A is a smooth compact submanifold of EV.

These properties are natural. Moreover, it becomes clear that, to study the geom-
etry of a complicated object, it is enough to decompose the object into simple parts
and apply the fundamental property (20.1). In particular, it becomes possible to
study the curvatures of polyhedra, which are the union of elementary convex polyhe-
dra, since the normal cycle associated to any convex polyhedron is easy to evaluate.

20.1 The Notion of a Normal Cycle

Up to now, there is no general method to determine the class of subsets of Y which
“admit a normal cycle.” We shall therefore adopt an empirical way, defining a “nor-
mal cycle” as a (closed) (N — 1)-integral current of E¥ x S¥~! associated to “sim-
ple” objets of EV. More precisely, we shall define the normal cycle of:

193
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e A smooth submanifold of EV
e A subset of positive reach of E¥
e A simplex and a polyhedron of E¥

20.1.1 Normal Cycle of a Smooth Submanifold

Let M" be a (compact smooth) submanifold of EN. The normal cycle of M" is the
cycle canonically associated to its unit normal bundle (denoted by N(M")).

Remarks

1. By definition, the normal cycle of a smooth submanifold is the current whose
support is a smooth oriented closed submanifold of EY x S¥~! of dimension
(N — 1), endowed with its canonical orientation.

2. For any sufficiently small &, there is a canonical one-to-one correspondence be-
tween dM} and (the support of) N(M"): with obvious notations, to each point
(m+€&), one associates the point (m, ). The map

¢ :(m+e&y) — (m,8)

induces an orientation on N(M").

20.1.2 Normal Cycle of a Subset of Positive Reach

If A is a subset with positive reach, we have seen in Chap. 18 that, for any suffi-
ciently small €, the subset PSA (defined in (18.1)) is an (oriented) C! -hypersurface of
EN with a Lipschitz unit normal vector field. One can associate to P an (N — 1)-
cycle of EN x SV~!, whose support is the image of the exponential map

¢ : (m+8§m) - (mvém)v

for every m in A and every &, in the normal cone of A at m. It is an (N — 1)-
dimensional closed (oriented) C!-submanifold, the orientation of N(.4) being in-
duced by ¢. This cycle is obviously rectifiable. It is called the normal cycle of A
and denoted by N(A).

One of the main problems which appears now is the fact that, if 4 and B are
subsets of EV with positive reach, .A N B is not a subset with positive reach in gen-
eral. So, (20.1) cannot be applied to compute N(AU B). An extensive study of this
difficulty can be found in [88].
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20.1.3 Normal Cycle of a Polyhedron

The main notations and definitions have been given in Chap. 6. Remember that, in
general, a polyhedron of EV is not a subset with positive reach (the basic coun-
terexample is the polygon composed of two segments PQ U QR). Thus, the classical
theory cannot be applied. However, every k-simplex in EV is convex and therefore
has positive reach. Then, any polyhedron can be decomposed into subsets of posi-
tive reach. Moreover, the intersection of two simplices composing a polyhedron is
still a simplex. Consequently, it is natural to begin by defining the normal cycle of a
simplex.

Definition 46. Let 6* be an elementary k-simplex of EV. The normal cycle of * is
the (closed) current N(c*) of EN x SV~!, whose support spt(N(c*)) is the (smooth)
hypersurface defined by

spt(N(c%)) = {(¢,&) € EN xSV!, where ¢ € o*, and & € C,} (20.2)

and whose orientation is given by the outward normal.

To define the normal cycle for any polyhedron, we use the fact that it is the union
of simplices and use the relation (20.1): if o* and o/ are two simplices,

N(c*uc’) =N(c*) +N(c') - N(c*na’). (20.3)

We leave the proof to the reader that the normal cycle obtained by this process is
independent of the decomposition (Fig. 20.1).

—————-@------4

Fig. 20.1 The normal cycle of the union of two segments pg and gr is the cycle defined by the
(oriented) plain curve. To compute the normal cycle of the union A of the two segments pg and
gr in the plane, one remarks that the support of the normal cycle of pq (resp., gr) is the union of
two segments and two half-circles. The intersection of pg and gr is the point g. The support of
the normal cycle of ¢ is a circle. Now, we use (20.3) by assigning the suitable orientation to each
interval or arc of circle composing the support of the normal cycle of pg and gr
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20.1.4 Normal Cycle of a Subanalytic Set

Fu [49] and Kashiwara and Schapira [54, Chap. 9] extended the notion of normal
cycle to the large class of subanalytic subsets of EV. The reader can consult [49,54]
for details, beyond the scope of this book, and the work of Bernig [14] for more
recent results.

20.2 Existence and Uniqueness of the Normal Cycle

In the previous sections, we have associated to some simple subsets of EV a cur-
rent called the normal cycle which generalizes the unit normal bundle. Following
Fu [47], we now characterize the normal cycle of a compact subset of EY and give
a uniqueness result. Note, however, that this theorem will not claim the existence of
such a normal cycle associated to any compact subset. That is why Fu gave a very
general method to construct such a cycle under slight assumptions.

Let A be a compact subset of EV. Consider the function

is:STEYN >R,
defined by

ia(x, &)= lirr(l)lirr(l)[x(A N B(x,r)N{p such that (p —x).§ <t})[I=T],
r—0s—
where y denotes here the Euler characteristic (Figs. 20.2 and 20.3).
Note that i 4 may have no sense if the Euler characteristic is taken for an object
which has no finite homology. On the other hand, when A is a stratified set, i 4 (x, &)
is just the index of x considered as a critical point of the height function defined by

Fig. 20.2 In this example, A
ia(x,§)=0
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Fig. 20.3 In this example,

&. In some sense, i 4(x, &) can be viewed as the multiplicity of (x,&). In any case, if
i 4 exists, it is unique in a certain sense. Let us explain this last point. Remember that
the normal bundle 7M" of a smooth submanifold M" (of EV) is Lagrangian with
respect to the canonical symplectic structure Q of TEN ~ EN x EN, and the unit
normal bundle ST+-M" is Legendrian with respect to the canonical Liouville form
a on STEN =EN x S¥~! (see Theorem 34). We mimic this property for integral
currents in the next definition.

Definition 47. An integral (N — 1)-current C of EV x S¥~! is Legendrian if it
satisfies
<C,ahw>=0 (20.4)

for all @ € DN 2(EN x V1),
Fu [48] proved the following theorem.

Theorem 64. Let A be a compact subset of B". There exists at most one closed
compactly supported integral current S 4 € Iy_| (STIEN ) such that:

o S, is Legendrian.
e For all smooth functions ¢ in STEN,

<S4, 0(x.E)dvgp s >= /S NflXEZI’En(p(x,é)iA(x,é)deNq.

Following [48], we give the following result.

Definition 48. Let A be a compact subset of E". If i 4 and S 4 exist, then A is said
to be geometric. In this case, S 4 is denoted by N(.A). It is called the normal cycle
of A.

From the additivity of the Euler characteristic, one deduces the following impor-
tant theorem.
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Theorem 65. Let A, B, AN B, and AU B be four compact subsets of EN. If three of
them are geometric, so is the fourth, and

N(AUB) =N(A)+N(B) —=N(ANB). (20.5)

Of course, the reader must be convinced that Definition 48 and Theorem 65 are
consistent with our definition of the normal cycle of smooth submanifolds and poly-
hedra. We leave this verification to the reader.

20.3 A Convergence Theorem

This section deals with a general theorem of convergence of normal cycles previ-
ously defined. Fu [48] proved this result for a sequence (Pp)pEN of triangulated
polyhedra closely inscribed in a submanifold M" of the Euclidean space (in the
sense of Definition 37) converging to M" for the Hausdorff topology. He showed
that the sequence of normal cycles of P, converges to the normal cycle of M" for the
flat topology of currents. This result is a consequence of the compactness theorem
for integral currents mentioned in Chap. 12.

Theorem 66. Let M" be a smooth submanifold of EN. Let (Py) »eN be a sequence
of polyhedra closely inscribed in M"* such that:

1. The Hausdorff limit of P, is M" when p tends to infinity.
2. The Hausdorff limit of 0P, is IM" when p tends to infinity.
3. The fatness of P, is uniformly bounded from below by a nonnegative constant:

Vp > 0,3c > 0 such that ®(P,) > ¢ > 0.

Then,
lim N(Pp) =N(M)

p—oo
for the flat topology.

The basic tools of this result are the convergence Theorem 40 for volumes which
we proved in Chap. 13 and the compactness theorem for bounded integral currents
(see Theorem 36). The assumptions are those described in Theorem 40: we assume
that the sequence of polyhedra closely inscribed in a smooth submanifold of EV
converges to it with a bounded fatness. Under these assumptions, the sequence of
volumes of P, tends to the volume of M". This implies in particular that the volumes
of P, are uniformly bounded.

Sections 20.3.1 and 20.3.2 give details of the proof of Theorem 66.
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20.3.1 Boundness of the Mass of Normal Cycles

Now, the crucial point is to bound the sequence of the masses of the normal cycles
N(Py).

Proposition 15. Under the assumptions of Theorem 66, the masses of the currents
N(Pp)peN are uniformly bounded by a positive constant ¢ > 0.

The proof of this proposition uses the following lemma, which is a consequence
of the uniform fatness of the sequence of triangulations.

Lemma 9. Under the assumptions of Theorem 66, there exists a constant C > 0 such
that for each p € N and each vertex v of P,, the number of simplices of P, incident
to v is less than C.

As a consequence of this lemma and the fact that the volumes of the polyhedra
P, are uniformly bounded by positive constant C, we can deduce that, for a fixed p,
the sum of the masses of the normal cycle localized over the vertices of each P,
is bounded by a positive constant Cp, independent of p. Using the same kind of
argument, we show that, for each &, the masses of the normal cycles localized over
the k-simplices of P, are uniformly bounded by a positive constant Cy, independent
of p. The proposition follows by using the additivity formula (20.5) for the normal
cycle, from which we deduce that

Vp e NNM(N(P,)) <Co+... + Gy

and Proposition 15 is proved by taking ¢ = Cp + ... + C,,.

20.3.2 Convergence of the Normal Cycles

Using Sect. 20.3.1, we can now show that the sequence of normal cycles N(Pp)pEN
converges when p tends to infinity. First, we apply the compactness Theorem 36
for integral currents mentioned in Chap. 12 to the sequence N(P,) peN- We deduce
that there exists a subsequence N(Pp, ) .y of N(Pp) .. which converges to an
integral current 7. Now, by construction, the support of 7" lies in M" and the support
of dT lies in dM". Then, the constancy Theorem 35 implies that

lim N(P,,) = N(M)

g—roo
(in our framework, the convergence of the volumes implies that a = 1). Since this
equality is independent of the choice of the convergent subsequence, we deduce that
the sequence of normal cycles N(Pp)p cN converges when p tends to infinity.
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20.4 Approximation of Normal Cycles

This section deals with a general approximation result: we assume that a geomet-
ric subset W of EV (in the sense of Definition 48) is close to a compact (smooth)
hypersurface W and we give an approximation of the curvatures of W with respect
to those of Y. Basically, we evaluate an upper bound on the flat norm of the dif-
ference of the normal cycle of the compact subset K of EVY whose boundary is W
and the normal cycle of the geometric compact subset XC whose boundary is W (see
Definitions 49 and 50). This result [35] can be considered as a quantitative version
of the convergence Theorem 66. Note that we do not use the compactness theorem
for currents, which is a crucial tool in the proof of Theorem 66. Although we re-
strict our study to hypersurfaces for simplicity, the reader can adapt the results to
any codimension.

We are not able to prove our result in full generality: for technical reasons, we
need a restrictive condition on a “small part” of the boundary WV of K. We introduce
the following result.

Definition 49. A subset K of E" is weakly regular if there exists a point of dXC
having a neighborhood in K diffeomorphic to a half-space.

For instance, a codimension one polyhedron is weakly regular. This definition
may seem somewhat artificial, but we need it in the proof of Theorem 67 when we
apply the constancy theorem for integral currents.

The main quantity involved in the study of the couple K and K is the angular
deviation, which is a direct generalization of the angular deviation defined for sub-
manifolds “close to each other” in Definition 34. We give a precise definition.

Definition 50. Let W be a (compact smooth oriented) hypersurface of EY and W be
a geometric subset of EV closely near W:

e Let p € W. The angular deviation between p and pry, (p)! is the maximal angle
@), between n, and &, () when (p,n,) € spt N(K) (where & denotes the unit
normal vector field of W).

e If B is any Borel subset of WV, the deviation angle between B and pry, (B) is the
real number O = sup ,cp 0.

We can now prove the following theorem.

Theorem 67. If W is weakly regular and closely near W, then, for any (connected)
Borel subset BC W,

TN N s
2(1+| . —
(8 -+ ) [T 1= (NG )+ MOON(K ),

! As before, pry, (p) denotes the orthogonal projection of p onto W.
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where &p denotes the Hausdorff distance between B and pry, (B), and |hyy, ()| de-
notes the supremum over pry, (B) of the norm of the second fundamental form of W.

The rest of this chapter is devoted to the proof of Theorem 67. A detailed proof can
be found in [35].

Sketch of proof of Theorem 67 By assumption, W lies in U = U,(W), where r is
the reach of W. Consider the map f defined by the diagram

TyEN I, spt N(K)
T TG

v 2w
To simplify the notations, we define the (n — 1)-current D by

D =N(K)

I EY
and E by
E=N(K . O
( )‘Tpr(B)]EN
Lemma 10. One has
f:(D)=E.

Proof of Lemma 10 We apply the constancy Theorem 35 to f, N(K), and N(K):
since the support of the image by f of N(K) is included in the support of N(K),
there exists an integer ¢ such that

fy(N(K)) = eN(K). (20.6)

We need to prove that ¢ = 1. First of all, by a classical property of (proper)
smooth maps between currents (see [43, p. 359]), one has

Je(N(K) p-1(4)) = f(N(K)) 1 (20.7)
for every Borel subset A of TUIEN . Then, (20.6) and (20.7) imply that

Ji(N(K) p-1(4)) = eN(K) a.-

We will apply this equality to the following subset A. By assumption, VW con-
tains a point having a neighborhood (in K) diffeomorphic to a half-space. In this
neighborhood, there exists a neighborhood ¢/ whose closure is diffeomorphic to a
half-ball. The subset K is the union of ¢/ and the closure of K\U. Since U, K, and
K\UNU are geometric, we can apply the additivity property of the normal cycles
(20.5) and deduce that the normal cycle of C over &/ N WV is the current associated
to the unit normal bundle (of dimension 1) of &/ N W. Since the restriction of pry,
to U is one-to-one onto pry, ({), the restriction of f to the support of N(K)\TMIE” is

(smooth and) one-to-one onto N(K) SR and

| Ter
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F(NGO) o) =N(K)p . (20.8)

pry

Taking A = T, 00 E" in (20.7), we deduce thatc = 1. [
Now, we define a homotopy g between f and the identity. We put

g: TzE" % [0,1] — TE", (20.9)

with
g(Xe,t) = (1 —1)Xs +1f(Xy).

We define the n-current:
C=g:(Dx0,1]).

The homotopy formula for currents (see Theorem 37) gives immediately
dC = fy(D) — D —gy(dD x [0,1]).
Moreover, we have the following proposition.

Proposition 16.

F(D—E) < (M(D)+M(dD))supsup(| %‘f ) (dge|"2,1dg:" ).
t sptD

Proof of Proposition 16 To evaluate the flat norm of D — E, we decompose D — E
into a sum of an (n — 1)-current and the boundary of an n-current, by writing

D—E =0dC—g(dD x[0,1]).
By definition of the flat norm,
F(D—E) <M(C)+M(gs(dD x [0,1]).

To evaluate M(C) and M(g4(dD x [0,1])), we use the fact that D is representable
by integration. By a computation similar to [42, 4.1.9], we have

M(C) = M(g;(D x [0,1]))

d _
<[ M) sup (%) sup (dg|" s
[0,1] spDx {1} Al oo {1}

and

d .
M(g; (@D x[0,1]) < [ M(@D) sup |Z2| sup (|dg|" ),
[0,1] sptDx{r} A sptDx{r}

from which we deduce Proposition 16. [
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End of the proof of Theorem 67 Now, B satisfies

g|h | <1,

pry (B)

1
dprig| < ———,
| ‘B‘ 1— 6Blhpr(l_’i)|
and

1+ |her(B |

2(1 + [ rpry, () I))n_l
~ Sslh

dg,|" ' < (1—1)+1¢ =l < ,
| l‘ ( ) ( o (B I) ( 63|hprw ‘

from which we deduce Theorem 67. [



Chapter 21
Curvature Measures of Geometric Sets

We give here a general framework to compute the k'"-generalized curvature of a
geometric subset of EV as defined in Definition 48. We also apply the results of
Chap. 20 to obtain convergence and approximation theorems on curvature measures.

21.1 Definition of Curvatures

If C is any (N — 1)-current on EV x SV~ the &*"-curvature M;(C) of C can be
defined by the formula
Mk(C) =<C, W >.

To define the curvature of any geometric (compact) subset of EV, we use its
normal cycle.!

Definition 51. Let A be a (compact) geometric subset of EV. Then, the k"-curvature
M (A) of A is the real number defined by the formula

M(A) =< N(A), Wy > . (21.1)

In particular cases (convex subsets, smooth submanifolds, subsets with positive
reach, and polyhedra), the simple construction of the corresponding normal cycles
allows us to evaluate these curvatures explicitly. We shall see later that they coin-
cide (up to a constant depending on the dimensions) with the coefficients ®; of the
Steiner polynomials of the studied objects.

! A complete theory should assign a series of curvatures to any (compact) subset of E". However,
we have seen that, up to now, we do not have a general theory to construct a suitable normal cycle

for any compact subset of EY. A possible way to extend the theory to “all compact subsets” could
be to modify the definition of the normal cycle given in Chap. 20.

205
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21.1.1 The Case of Smooth Submanifolds

Let M" be an n-dimensional (smooth) submanifold of EN. Let m be a point of M"
and U be a neighborhood of m. Let & be a unit normal vector field on U. Let

(6‘1,6‘2,...,6,,)

be an orthonormal frame of TU and let

(&1,62,83,....6n—n—1,En-n = &)

be an orthonormal frame of 7--U. We can complete the previous frame to get, at
each point (m, &), an orthonormal frame of T(,H@)EN x SV~ adapted to M” in the
following way. The vectors

o (5) - () 3
e () () ()

(21.2)

define an orthonormal frame of T(m‘é)IEN x SV, The (N — 1)-form

ey = (Di:é) A <DZ§) A A (Di:§> A (501) A (502> Ao A (éNonl)

is a (global) volume form of S T-M".
Let
(h) =< De,E ;>

be the second fundamental form in the direction & and let Z; (&) be the correspond-
ing k"-mean curvature (see (11.15)). Denoting by < .,. > the scalar product on
differential forms induced by the standard scalar product on E¥ x S¥~!, we have
the following proposition.

Proposition 17. At every point (m,&) of ST*M",
< Wr, 8 > (&) =0ifk<N—-n—1,

< W(anfl)st”) >(m,§) =1, (21.3)
<WN-n—14k): &M >(me) = Ex(E)-
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In particular,

< Wy 1) Emn > (me)= det hS. 21.4)

Consequently, integrating these forms on the unit normal bundle of the subman-
ifold M", we obtain, via the Gauss equation, the classical invariants ®; (M) (we use
the same notations as in Chap. 17):

n!

(04 TR S . —
( ) N—n—1+k (N—k)!k!sk,1

Dy (M"). (21.5)

We deduce the following theorem.

Theorem 68. Let M" be a smooth compact oriented submanifold of EV. Then

n _ n! n
Manlec(M ) = (N—k)!k!Sk_1¢N7n+k<M )7Vk >0, (21.6)
My (M™) =0, in the other cases,
where @y (M™) denotes the coefficients of the Steiner polynomial of M".
Remarks
1. In particular,
My (M) = ==Ly, (M), (21.7)

SN—1

2. On the other hand, using the Gauss—Bonnet theorem and (21.6), we see that,

when n is even,
b

M-y (M") = = (M"). (21.8)
3. If M" has no boundary, we deduce that, if k is odd,
M (M") =0 (21.9)
(this can be seen by using the skew-symmetry of W,: for every (m,&),
WN=n421) gy = ~VN-n421) ) (21.10)

4. In other words, we can simplify the previous result as follows.

Corollary 15. Let M" be a compact oriented n-dimensional submanifold of EN.
Then, the Weyl tubes formula can be stated as follows:

k=N
Voly (M) = Z Oy (M™)e (21.11)
with
& (M™) = C(k,n,N)M;_1(M"), (21.12)

where C(k,n,N) is a positive constant depending only on the dimensions.
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21.1.2 The Case of Polyhedra

To evaluate the invariant forms on the normal cycle of a polyhedron in EV, we begin
by evaluating them on the elementary simplices and then applying the fundamental
formula (see (20.1) or (20.5)):

N(AUB)=N(A)+N(B)—N(ANB) (21.13)

for every geometric subsets A, B in EV. Consequently, we only need to evaluate the
curvatures M on simplices.

Theorem 69. Let 6! be an [-simplex of EN. Then, for every k,
Mi(a') =Y Vol(c")(c", 6')". (21.14)
okcol

Proof of Theorem 69 Let F be an affine [-dimensional subspace of EV. Let
(e1,e2,...,e;) be an orthonormal frame of F and let & be a unit vector orthogonal
to F. Complete (e, ez,...,e;,&) to obtain an orthonormal frame

(617627"'7617§7€2~~'7€N71)

of EV.
Let m be a point of F. With the previous notation,

©=(5)-(5) (5) (&) (er.)

is an orthonormal frame of TN(F) at (m,§).
We have

{Wk(s) —0ifkAN—1—1, o11s)

Wryoi-1(€) =1

Now, let Q be an open set of (the support of) N(F) of the form U x U’, where U
is an open set of F and U’ is an open set of F-N SV~ We have

{<Wk,Q> —0ifk£AN—1—1, o116)

< W(N—l—l)vQ > = VO](U)VO](U/)

Note that the support of the normal cycle of an /-simplex can be decomposed into
the disjoint union of open sets of the previous shape:

suppt N(0”) = Uy grint(6%)Cox, (21.17)

where C is the cone which has been used for the definition of the exterior dihedral
angle. Now, by Definition 51,



21.2 Continuity of the My 209
Mi(c') =< N(c"),W; > .
The conclusion follows. [

Remarks

1. Equation (21.14) must be compared with (16.10), which only deals with convex
bodies.
2. If P is any n-dimensional polyhedron, we still have

M, (P) =< N(P),W, >= Vol,(P). (21.18)

3. On the other hand, an easy computation gives
N!
MNfl(P) =< N(P),WN,1 >= FSN,IX(P). (21.19)
4. If P has no boundary, we have
<N(P),Wiy-niar) >=0, (21.20)

since Wi(n—n—1)+21+1, _¢) = ~VIN-n-1)+2141,.¢))-
5. Of course, if P is the boundary of a convex domain, the results found here are
consistent with Theorem 47:

<NP)We>= Y (=D Ivol(a").(6N U, 6h). @121

oWN-i)cek

21.2 Continuity of the M,

Since we do not have a general construction of the normal cycle of any compact
subset of BV, a general convergence theorem is up to now impossible. However,
we can give a basic framework for such a result and apply it in special cases: if
(Ag) 4N 18 a sequence of geometric subsets admitting normal cycles N(A4), such
that (N(A,)) 4eN converges (as a sequence of currents for the weak topology) to a

current N of EN x SV _1, then by definition of the weak convergence,

Vk e (0,...,N), lim < N(Ay), Wy >=<N, Wy >,
q—°

ie.,
Vk € (0,...,N), lim ./\/lk(.Aq) =<N, W, >.
q~>oc

But up to now, it is not known in full generality if < N, W, > can represent the
k"-curvature of some geometric subset of EV.
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21.3 Curvature Measures of Geometric Sets

Following Wintgen [83], Zihle [85, 86], and Fu [49], let us introduce the curvature
measures in a very general setting, extending the framework of Federer [42] for sub-
sets with positive reach, on which these measures were defined earlier in Chap. 18.

Definition 52. Let .A be a (compact) geometric subset of EV. Then, the k"-curvature
measure on EV with respect to A is defined by

MA(B) =<N(A), x(Bx SV W, >
for any Borel subset B C EV 2

To simplify the notations, we already used the letter M for defining the k-
curvature of a geometric subset. One has M (A) = M;*(A) for every Borel subset
Aof EV.

Remark It is important to note that these measures are signed measures on EV,
which coincide with the measures defined in Chap. 18 for subsets with positive
reach.

21.4 Convergence and Approximation Theorems

Using the main results on convergence and approximations on normal cycles (see
Theorems 66 and 67), we deduce immediately convergence and approximation re-
sults for the curvature measures associated to geometric sets. The following result
has been proved by Fu [48].

Theorem 70. Let M" be a smooth (compact) submanifold of EN. Let (Py) »eN be a
sequence of (compact) polyhedra closely inscribed in M" such that:

1. The Hausdorff limit of P, is M" when p tends to infinity.
2. The Hausdorff limit of P, is IM" when p tends to infinity.
3. The fatness of Py is uniformly bounded from below by a nonnegative constant:

Je > 0 such that ,Np > 0,0(P,) > ¢ > 0.

P
Then for each k, the sequence of curvature measures M,” weakly converges® to the
n
curvature measure Mﬁ’[ .

Proof of Theorem 70 The proof is (almost) obvious since, under our assumptions,
Theorem 66 claims that the sequence of normal cycles N(P,) tends to the normal
cycle of M” for the flat topology. For every Borel subset B of EV, one has

2 x denotes here the characteristic function.
3 In the sense of Definition 17.
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M;? (B) =< N(P,), x(B x EV )W >
and
MY (B) =< N(M"), x(Bx EN)W, > .

By standard arguments,* we deduce that the sequence of curvature measures

./\/lf” weakly converges to the curvature measure Mﬁ” "

We also get the following approximation result for geometric subsets. We use the
notation of Sect. 20.4. We assume that ) is a weakly regular geometric subset of BV,
which bounds the geometric subset /C of EY in the sense of Definition 48. Moreover,
we assume that V is closely near a smooth (closed) hypersurface W which bounds a
compact domain K, as defined in Definition 33. Let B be a (connected) Borel subset
of V. U

Theorem 71. Forall k,0 <k <N —1,
[MG (B) = M (pry B)| <

2(1 + |/1er(3) D

N-T(M(N(KC
175B‘hprw(8)|] (M(N(K)

(05 + )] +M(IN(K)

\TBEN) \TBEN))'

Proof of Theorem 71 By definition,
M (B) = M (B)] =< N(K) = N(K), (B x S"" " )W > .
Now, by definition of the flat norm and from Theorem 67,

< N(K) =N(K), x(Bx S"""YW, >< F(N(K) N(K)

N — N
[T5IE Toryy (8) )

2(1 + |her(B)|)

<
< (6p+ap)[ 1*53‘hprw(8)‘

]N*'(M(N(/C)‘TBEN)+M(aN(/c‘TBEN))). O

We end this section by remarking that Rataj and Zihle [68-70, 89] proved con-
vergence results for curvature measures in a large frame, introducing in particular
the space of second-order rectifiable currents. Moreover, instead of dealing with a
sequence of polyhedra converging to a smooth submanifold, Brehm and Kiihnel [22]
obtained convergence results on curvatures for a sequence of smooth submanifolds
converging to a polyhedron. See also [13] for the definition of Lipschitz—Killing
invariants in a general setting.

* The only difficulty lies in the fact that the weak convergence of measures involves integration
over continuous functions, while the flat convergence of currents involves C*-differential forms
with compact support. The masses of the involved normal cycles being uniformly bounded by
Proposition 15, one classically solves this difficulty by approximating continuous functions by a
sequence of C*-functions. This remark is due to J. Fu in a private communication.



Chapter 22
Second Fundamental Measure

In Chap.21, we have seen how to define generalized Lipschitz—Killing curvature
measures on geometric subsets, which generalize the Lipschitz—Killing curvature
measures on smooth surfaces. However, the geometry of a smooth submanifold
needs more precise invariants, like principal directions, principal curvatures, and
lines of curvatures, which are determined by the full knowledge of the second fun-
damental tensor. The goal of this chapter is to propose a definition of a second
fundamental measure, which can be evaluated on nonsmooth objects using the the-
ory of the normal cycle.

22.1 A Vector-Valued Invariant Form

In this section, we introduce an (N — 1)-form on EN x SV=! depending (bi)linearly
on two parallel vector fields defined on EV. In this context, it may be clearer to
consider that S¥~! is the unit sphere of EY and write EN x S¥~! ¢ " x EN ~ TEN.
Moreover, we shall identify frequently the first and the second factor of EN x EV.
Let U be an open neighborhood of a point (m,&) € E" x S¥~!. Once again, let
(e1,...,e,) be alocal orthonormal frame on EV such that ey = &. We use the notation
of Chap. 21. For two fixed vectors ¢;, = e, and ej # e,, we define the (n — 1)-form

by o = (—1)N e A ng AL AENAE,.

When the two indices iy and jj vary, the previous formula defines a tensor of type
(0,2), independent of the orthonormal local frame (ey,...,ey): if X,Y € EN. X =
YN Xlej, Y =YY  Yle;, then

N-1

h(x,y)= Y X'v'h;;.
ij=1

213
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To simplify the notation, we put

h(X,Y) =h%Y,
Definition 53. The form h*"" is called the fundamental (N — 1)-form associated to
the couple (X,Y).

The tensor h has an interesting property involving the symplectic structure
onTM.

Proposition 18. For every X,Y in EV, there exists an (N — 3)-form WX on TE"
such that
WY —h' X = QAPXY,

Proof of Proposition 18 Using the linearity, we shall deal with an orthonormal
frame (&',&/). The only interesting case occurs when we consider two indices h;
with iy and jo different of n. In this case,

higjo —hjip = (— 1)V &' AL AEOA NN AEAE),
—(=D)N I AL ANBION L ANEIN L NETNE,
= i(eio A ‘Z:io + el N éjo) A (Ak#ioyjo-,ngk)
=+QA(EA..AE). O

(22.1)

22.2 Second Fundamental Measure Associated
to a Geometric Set

In the same flavor as Definition 51, we give the following result.

Definition 54. Let K be a compact geometric subset of EV and let X, Y be any paral-
lel vector fields lying in EY. Then, the second fundamental measure hi"y associated
to K in the directions X, Y is defined by

" (B) =< N(K), 2, gvh™" >

for every Borel subset B of M.
Here is a remarkable symmetry property of hy.

Proposition 19. Let IC be any geometric subset and let B be any Borel subset of M.
Then, hi’y (B) is symmetric in X, Y.

Proof of Proposition 19 This is a direct consequence of the fact that normal cycles
are Legendrian and then cancel the symplectic form Q restricted to EV x S¥=!.
Using Proposition 18 and its notations,

b (B) =™ (B) =< N(K), 2, gv@AP* >=0. O
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22.3 The Case of a Smooth Hypersurface

As we have seen, the goal of the second fundamental measure is to generalize the
second fundamental form of a hypersurface. For further use, we shall extend a little
the definition of the classical second fundamental form. Suppose that K is a compact
domain of EV whose boundary is an oriented (smooth) hypersurface of W. At each
point p of W, we denote by 71,, the bilinear form

7 . N N

hMp .IEI, XEﬂ — R,
defined by composition of the second fundamental form 4, of W at p with the pro-
jection prz,w onto ,W:

ile =hpo (prT,,W’perW)'

Here, i:le is clearly null on the normal space of W at p. The only difference is that

it is defined on the whole tangent space of EV at p.
As in Chap. 21, we can give an explicit expression of h in particular cases. We
need to introduce the Gauss map G associated to the immersion of W:

G:W —ENxEV,

defined b
’ G(m) = (m,&pn).

Proposition 20. One has
VXY e TW,h(X,Y)dvy = G"h(X,Y),
where dvy denotes the volume form of W.

Proof of Proposition 20 Let (ey,...,e,) be a local frame of M such that ey, ...,e,_|
are tangent to W and e, is normal to M. Let (e,-o,e o) be two vectors of this frame,
different to e,. Then

G*h(e;y,ej,)(e1,...,en—1) =h(ej,,ej,)(dG(er),...,dG(e,—1))
=0;,(dG(ej)) (22.2)
= h(eio,e‘,‘o). |:|

An immediate corollary can be stated as follows. Let B be a Borel subset of W.

Corollary 16.

< STgryy W, hWPrrwXeprrw? / h(pryy X, proy Y )dvy . (22.3)
BNW
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22.4 The Case of a Polyhedron

Next, we assume that P is an N-dimensional polyhedron of EV. We shall evaluate
hﬁ’y for any (parallel) vector fields X,Y € EV. Since the normal cycle N (P) can be
decomposed as a sum of elementary currents, the support of which lies above each
simplex of dimension i,1 <i < N — 1, we shall evaluate h*:¥ above each simplex.
If o* is any k-dimensional simplex of P, the support of N(P) lying above c* is
the product of o¥ by a portion of a vertical (N — k — 1)-sphere. In particular, the
support of N (P)‘O.N72 is the product 6" ~2 x Cg, where C is a portion of circle. Let
(e1,...,en—_2) be an orthonormal frame field tangent to 6¥~2. Any point of 6V ~2 x
Cs is a couple (m,ey_1), where m is a point of 62 and ey_1 is a unit vector
orthogonal to oV ~2, With these notations, we have the following theorem.

Theorem 72. For every Borel set B C EV,

hX:Y(B): / <X,en_1)><Y,en_1) >.
P GN;CQP oN-2nBxC ( ) ( )

Sketch of proof of Theorem 72 At each point of STEY, the form h* is the wedge
product of an (N — 2)-form tangent to the horizontal bundle and a 1-form tangent
to the vertical bundle. Consequently, when we plug it in the normal cycle of P, the
only non-null contribution is given by the (N — 2)-simplices of dP. The explicit
computation gives trivially the theorem. []J

22.5 Convergence and Approximation

Using the same techniques as those developed in Chap. 20, we have a convergence
result for the second fundamental measure of polyhedra and a general approxima-
tion result for the second fundamental measure of geometric sets.

Theorem 73. Let M" be a smooth submanifold of EV. Let (Pp)pEN be a sequence
of polyhedra strongly inscribed in M" such that:

1. The Hausdorff limit of P, is M" when p tends to infinity.
2. The Hausdorff limit of Py, is IM" when p tends to infinity.
3. The fatness of P, is uniformly bounded by below by a nonnegative constant:

de > 0 such that Vp > 0,0(P,) > ¢ > 0.

Then, the sequence of second fundamental measures (th)p cN converges to the sec-
ond fundamental measure hyn for the weak topology of measures.

Corresponding to Theorem 71, we have the following re sult, using the notation
of Chap. 21. We assume that )V is a weakly regular geometric subset of EV which
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bounds the geometric subset K of EV. Moreover, we assume that )V is closely near
a smooth (closed) hypersurface W which bounds a compact domain K.

Theorem 74. For every Borel subset of EV,
lhic(B) —hg(B)| <

2(1 + ‘her(B) D

op+a
( ? B)[ 1_61-’3‘]1er(3)|

]N_l(M(N(/C)‘TB]EN) +M(ON(K, . g)))-

22.6 An Example of Application

We present here a concrete application in graphism. The goal is to visualize the lo-
cal geometry of Michelangelo’s David. Let us consider a given triangulation P of
the head of David. Let B be a union of triangles around a vertex v! and compute
the curvature tensor hp(B). We get a 3 x 3 symmetric matrix which can be diago-
nalized. We deduce three orthogonal eigendirections. By analogy with the smooth
case (where the normal direction to the surface is associated to a null eigenvalue),
we define the normal direction of BN P as the direction associated to the smallest
eigenvalue. The two others are called the principal directions. They are associated
to the two other eigenvalues, called the principal curvatures of BN P. We can now
draw the directions of minimal curvatures and integrate them to obtain lines of cur-
vatures (see Fig.22.1).
Although the visual result seems fine, we must temper our optimism:

e If the curvature tensor has rank 1, then the estimated normal may lie anywhere
in the plane orthogonal to the third eigendirection.

e The result depends obviously on the chosen union of triangles B.

e Finally, since we do not have any equation of a smooth surface underlying the
triangulation,? our theorem of approximation (Theorem 74) does not give any
information.

! More precisely, we take the 1-ring or the 2-ring around v.
2 That is, a “smooth David.”



218 22 Second Fundamental Measure

Fig. 22.1 Here is an example of directions of minimal curvatures and lines of minimal curvatures,
estimated on Michelangelo’s David. The first image is the triangulation on which the second fun-
damental measure has been estimated. These images are courtesy of Digital Michelangelo Project,
Stanford University, and courtesy of the L.N.R.I.A. project team Geometrica



Chapter 23
Curvature Measures in 2

23.1 Invariant Forms of E2 x !

The determination of the invariant 1-forms of E? x S! can be easily deduced from
Chap. 19. Let (m, &) be a point of E? x S'. Consider an orthonormal frame of E?
whose second vector is &: (e1,e; = £). Then, an orthonormal frame of T(m,,g)IE2 x S!
is given by the vectors

o (5) w5 5-(2)

We deduce from Theorem 63 that the space of invariant 1-forms on E? x S! has
dimension 2. By identifying as usual 1-forms with vectors, we conclude that, at a
point (p,& = e3), the space of invariant 1-forms is spanned by the forms

W():S], Wi = €.

23.2 Bounded Domains in 2

We now restrict our attention to (embedded) smooth curves or polygon lines with or
without boundary embedded in E2. When they are closed, they can be considered
as the boundary of a (bounded) domain. We study in detail their normal cycle.

23.2.1 The Normal Cycle of a Bounded Domain

Consider a domain D whose boundary is a closed (embedded) curve:

e If this curve is smooth, then the normal cycle N(D) is nothing but the cycle whose
support is the unit normal bundle of D. The orientation of N(D) is given by the

221
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Fig. 23.1 The image by

the exponential map of the
support of the normal cycle of
a domain D of [E? is the curve
Y. The orientation is given by
transport of the orientation of
the boundary

v

outward normal, via the exponential map. More precisely, if U is a “suitable”
neighborhood of D, then the exponential map

exp: TU - U

given by
() — x+en,

where € is small enough, allows us to identify the support of N(D) with a closed
curve in E2. This closed curve has a canonical orientation given by its outward
normal, which induces an orientation of the support of N(D) (Fig. 23.1).

e Suppose now that D has a (closed) polygonal boundary P:

— The simplest situation is the case where D is a (full) triangle. Then, N(D) can
be decomposed as the sum of two currents, N¢(D) over the edges and N"(D)
over the vertices as follows:

1. Over an edge e, the support of the normal cycle is
ex & eE?xS!,

where £, denotes the outward unit normal to e.
2. Over a vertex v, the support of the normal cycle is

vxC, e E? xS!,

where C, denotes the arc of the unit circle joining the outward normals of
the edges incident at v.

The orientation of N(D) is determined as before (Fig. 23.2).

— Let us generalize this situation: suppose that the boundary of D is a closed
(embedded) polygon line. One can recover the normal cycle of D by decom-
posing D into triangles and apply the additivity formula (20.1). It is easy to
check that N(D) can be decomposed as the sum of two currents, N¢(D) over
the edges and N¥(D) over the vertices as follows:
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Fig. 23.2 The image by

the exponential map of the

support of the normal cycle

of a full triangle D of E? is

the curve 7. The orientation

is given by transport of the D
orientation of the boundary

the vertices” of a polygonal

domain D of E2, with the

correct orientation (for clarity

in the picture, we do not draw

the support of the normal cy-

cle of D over the edges) D

Fig. 23.3 The image by the
exponential map of the sup-
port of the normal cycle “over q

D)

1. Over an edge e of the boundary of D, the support of N¢(D) is the segment
e x &,, where &, is the outward normal to e.

2. Over a vertex v of the boundary of D, the support of N(D) is the segment
v x C,, where C, denotes the arc of the unit joining the outward normals of
the edges of the boundary of D incident at v.

3. All other contributions of the vertices and edges in the interior of D cancel
(Fig.23.3).

23.2.2 The Mass of the Normal Cycle of a Domain in >

Using Sect. 23.2.1, it is easy to evaluate the mass of the normal cycle of a domain
D in E2. It will be interesting to localize our formulas, to allow us to apply the
approximation Theorem 71:

e If the boundary of D is a smooth (closed) curve ¥, then the mass M(N(D)) is the
length of its normal bundle:

M(N(D)) = /y (1+2k+K)ds,

where k denotes the curvature of 7.
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Let us localize this formula. Although we could take any Borel subset, we restrict
our attention to Borel subsets B of :

M(N(D), @)= /mB(l +2k +k?)ds.

e If the boundary of D is a (closed) polygonal line P, then the mass M(N(D)) can
be computed by decomposing N(D). Clearly, M(N(D)) is the sum of the length
of the edges of P and the absolute value of the angles |Z(v)| at each vertex v
between the normals of two consecutive edges:

M(N(D)) =1(P)+}_ |£(v)].

veP

Of course, if we restrict our computation to B, then

MN(D) ) =P+ T |£00]
vePN

23.3 Plane Curves

23.3.1 The Normal Cycle of an (Embedded) Curve in E>

e If the curve is smooth, its normal cycle is nothing but its unit normal bundle
(Fig.23.4).

e Let us now consider a planar polygon. To compute its normal cycle, we need to
compute the normal cycles of a point and a segment and then use the additivity
formula (20.1):

— If p is reduced to a point of E2, N(p) is the current whose support is the
(oriented) curve {p} x S!.

N(C)

Fig. 23.4 The image by
the exponential map of the
support of the normal cycle
N(C) of a smooth curve

C of E*. Note that N(C)
has a canonical orientation, ®
which does not depend on the
orientation of C
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N(P)

Fig. 23.5 The image by the exponential map of the support of the normal cycle N(P) of the union
of two segments P in E?

— If I = [a,B] is a segment of E2, N(I) is the current whose support is the
(oriented) curve composed of two half-circles o x Cy, and B x Cp and two
segments I x & and I x (—&), where & is a unit vector normal to a.

As before, the orientation is naturally given via the exponential map. Conse-
quently, by using the additivity formula (20.1), one can compute the normal cycle
of any (embedded) polygon in E? (Fig. 23.5):

— Over a vertex v which is not the boundary of the polygon, the support of the
normal cycle is the (oriented) curve composed of two arcs of a circle of length
Z(v), where Z(v) is the angle of the normals of the two edges with common
vertex v.

— Over a vertex which is on the boundary of the polygon, the support of the
normal cycle is an (oriented) half-circle.

— Over an edge e, the support of the normal cycle is reduced to two (oriented)
segments whose length is [(e).

The orientation is given as before via the exponential map (Fig. 23.6).

23.3.2 The Mass of the Normal Cycle of a Curve in E>

e If the curve C is smooth (regular and closed), then the mass of its normal cycle
(i.e., the mass of its normal bundle) is its length. Then:

— If Cis closed,
M(N(C)) = 2/(1 + 2k +K)ds. (23.1)
C
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+1 +1

N(P)

Fig. 23.6 The explicit computation of the normal cycle N(P) of a union P of two segments of E*.
The integration of any 1-differential form over N(P) must be taken over the oriented plain closed
curve, taking care of the orientation, as shown by the picture

— If C is not closed,
M(N(C)) = 2/ (14 2k + k2)ds + 27,
C

since one must add to (23.1) the mass of the normal cycle “over the end
points,” i.e., the length of two half-circles.

e If the curve is a polygonal line P, then the mass of its normal cycle is the sum of
the mass of the normal cycle “over the edges” and the mass of the normal cycle
“over the vertices”:

— If Pisclosed,

M(N(P)) = 2I(P) + Y Z(v). (23.2)
v vertices of p

— If Pis not closed,

M(N(P)) = 2I(P) + Yy Z(v)+2m. (23.3)
v internal vertices of P

23.4 The Length of Plane Curves

We now plug the invariant 1-forms Wy, W, onto the normal cycles of curves.

23.4.1 Smooth Curves

Consider a (regular) smooth curve ¥ : [a,b] — E? embedded in E. One can recover
its length by integrating W, over its unit normal bundle N(7). In fact, N(y) can
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be decomposed into three parts: y(a) x C1, y(b) x Ca, over the boundaries a and
b, where C| and C, are two half-circles, and two curves Y(u) x &(u) and y(u) x
(—&)(u), where € is the unit normal vector field over y. Then

b
<N(Y),Wo >=<C1,Wp > + < Co,Wp > +2/ |7/ (u)|du.

The expression for Wy shows that the two first terms on the right-hand side cancel.
The third term is exactly twice the length of 7. Finally,

Mo(y) =< N(y),Wo >=2I(7).

23.4.2 Polygon Lines

e Consider now a segment / of E2. It is clear that
Mo(I) =< N(I),Wp >=2I(I).
e If a polygon is the union of two segments /; and /», then
N(I;UL) =N(I;)+N(L) —=N(I, N D).

Here, I} N1, is reduced to a point v and the support of the normal cycle of v is
v x S!, on which W is null. This implies that

Mo(LUbL) =<NLUL)Wo >=1(I))+1(L)+0=I(I,UL).
e More generally, if P is any polygon embedded in E2,

My(P) =< N(P),Wy >=2I(P).

23.5 The Curvature of Plane Curves

23.5.1 Smooth Curves

Consider a regular smooth curve y: [0,/] — [E? (parametrized by the arc length)
embedded in E*. We shall evaluate < N(y), W, >:

e If the curve is closed, then its normal cycle is the sum of two cycles: N; parame-
trized by (¥(s),&(s)) and N, parametrized by (¥(s),—&(s)), where s € [0,{], &
being the unit normal vector field of 7. Now,

(1,8)'(s) = (1.8") = (t,—k),
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from which we deduce (taking suitable orientations) that

[
<N >= —/ k(s)ds.
0

A similar computation shows that

!
<No, Wi >:/ k(s)ds,
0
from which we deduce that
< N(Y),W] >=<N;+No, W, >=0.

This means that to recover the integral of the curvature over 7y, one needs to
consider only one component of the support of the normal cycle of y. In other
words, suppose that ¥ bounds a domain D. Then, the support of its normal cycle
consists only of one curve (for instance N1). Then

< NI, W, >=< N(D),W, >:/8 k(s)ds:/k(s)ds.
D 14
Consequently,
Mi(D) =< N(D), W, >= / k(s)ds.
JY

e Suppose now that ¥ is not closed, i.e., ¥(0) = a,y(l) = B, # B. Then, the
support of its normal cycle is a closed curve, composed of two half-circles Cy
and C 5, one over each end point, and two curves N| and N, as before. Then, the
same argument as previously shows that

<N +Np, W) >=rn+n=2nx.

Once again, we do not recover directly the curvature of the curve. We let the
reader find a way to “cut correctly the normal cycle” and find a good result.

23.5.2 Polygon Lines

Consider a polygon line P embedded in E2. Let us evaluate
<N(P), W, >.

e Suppose that P is closed. The support of N(P) has two connected components.
A direct computation shows that, over a vertex v, the support of the normal cycle
NV is composed of two arcs of circles of the same length Z(v), where Z(v) is the
angle at v enclosed by the normal vectors of the two edges with common vertex
v. Since their orientation is opposite,
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<N'(P),W; >=0

for every vertex v. Moreover, if e is an edge, the support of the normal cycle
N¢(P) restricted to e is the union of two segments, on which the integral of W)
is trivially null. Then

< N¢(P),W; >=0,

from which we deduce immediately that
<N(P),W, >=0.

The situation is similar to that of closed smooth curves: the integral of the form
Wi over the normal cycle of P does not give any information on its geometry.
However, consider the domain D bounded by P. One has

<ND)Wi>= Y Z0).
v Vertex of P

e Suppose now that P is not closed. Over each end point, the support of N*(P) is a
half-circle. An argument similar to the previous one gives immediately

< N(P),Wl >=27.

The reader can now recover the sum of the angles at the vertices by integrating
W) over a “part” of the normal cycle N(P). If one defines the current N™ (P)
as the “part of the normal cycle whose support is on one side of P,” then one
finds that
<NF(P)Wi>= Y Z(v)+r
v vertex of p
Consequently, it is natural to define the curvature M (P) of a planar polygon
P by
M (P)= Z Z(v).

v vertex of p



Chapter 24
Curvature Measures in 3

24.1 Invariant Forms of E3 x §2

Using Chap. 19, we can describe the space of invariant 2-forms of E* x S%. Let
(m,&) be a point of E* x S?. Consider an orthonormal frame of E* whose third
vector is &:

(81762763 :é)

An orthonormal frame of T(mvg)IE3 x S? is given by the vectors

a=(4)e=(5)a=("0%)a=(0)a=(2) e

Still using Theorem 63 and the identification of 1-forms with vectors, we see that
the space of invariant 2-forms of E* x S? has dimension 4. At a point

(p75 = 63);
it is spanned by the four 2-forms

Wo=6 A&, W =g A&+ENE,

- - ~ ~ 24.2
Whr =€ N6, W3:Q\E3x82:81/\81+£2/\82‘ ( )

24.2 Space Curves and Polygons

24.2.1 The Normal Cycle of Space Curves

Once again, the normal cycle of a smooth curve is nothing but its unit normal bundle.
Let us now consider a polygon in E*. To compute its normal cycle, we compute the
normal cycles of a point and a segment and then use the additivity formula:

231
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\ \ f\
® ®

IS 1 5 |

/7 \/ /

Sy Sy

Fig. 24.1 The support of the normal cycle of the segment / can be decomposed into two half-
spheres S; and S, and one cylinder / x S

e If pis reduced to a point of 3, N(p) is the current whose support is the (oriented)
surface p x S2.

e If7=a,pB]is a segment of E*, N([) is the current whose support is the union of
three (oriented) surfaces: o x Sy, B x Sz, where S| and S, are two half-spheres
(of dimension 2 and radius 1), and the cylinder 7 x Sh (Fig.24.1).

As above, the supports of normal cycles can be identified with surfaces of E? via
the exponential map.

Now, using the additivity formula (20.1), the normal cycle of any polygon in E?
can be computed:

e Over a vertex v which is not on the boundary of the polygon, the support of the
normal cycle is composed of two (oriented) portions of spheres, delimited by the
two 2-planes orthogonal to the edges whose common vertex is v.

e Opver a vertex which is on the boundary of the polygon, the support of the normal
cycle is an (oriented) half-sphere.

e Over (the interior of) an edge, the support of the normal cycle is an (oriented)
cylinder.

In Sect. 24.2.2, we evaluate the previous invariant forms on the normal cycles of
curves Y and polygons P. Note that

< N(y), Wo >=<N(P),Wy >=0,

which is compatible with the general theory.

24.2.2 The Length of Space Curves

We can recover the length of a smooth curve or a polygon by using the normal
cycles. Consider a smooth curve ¥ and a polygon P of E*. A direct computation
shows that

<N(y), W1 >=27l(y),

< N(P),W, >=27l(P).
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24.2.3 The Curvature of Space Curves

Consider a smooth (regular) curve ¥ and a polygon P of E*. A direct computation
shows that:

e If yis closed,
<N(y), W, >=0.

If P is closed,
<N(P),W, >=0.

e If yis not closed,
<N(y),Wh >=4m.

If P is not closed,
<N(P), W, >=4n.

Consequently, the curvature of y or P cannot be recovered by a direct integration
over the normal cycle of y and P.

Suppose that the curve ¥ is closed and bounds a smooth (oriented) domain D.
Then, a direct (and classical) computation gives

<N(D),W, >= 2/ Gda+2/ K8 (s)ds = 4, (24.3)
D ¥

where G is the Gauss curvature of D and k¥ is the geodesic curvature! of y con-
sidered as a curve on D. The last equality of (24.3) comes from the Gauss—Bonnet
theorem (see (3.15) and Theorem 22) and the fact that the Euler characteristic of a
domain is 1.

Consider now a closed polygon P. Suppose that P bounds an (oriented) trian-
gulated domain D. Then, P has a canonical orientation, and a direct computation
shows that

<ND)W,>=2 Y (27 —o)
ve vertex of int(D)

2 Y B (24.4)

ve vertex of p
=4,

where o, denotes the solid angle at the interior vertex v and 3, denotes the external
angle of the (oriented) consecutive edges e, ,es, of P incident to the vertex v € P.
The sign of f, is the sign of the determinant of the three vectors (ey,,ez,,&), where
& is the oriented normal to the domain D (Fig. 24.2).

Again, the last equality comes from the fact that the Euler characteristic of a
domain is 1.

! The geodesic curvature k¢ of the curve ¥ (parametrized by the arc length) defining the boundary
of the domain D is defined as follows: at each point (s), let n(s) be the tangent vector orthogonal
to ¥'(s) such that y'(s),n(s) > is a direct frame. Then, k%(s) =< y"(s),n >, (see [40, 76] for
instance).
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Fig. 24.2 Atan interior vertex v, o, is the solid angle of v. At a vertex v belonging to the boundary
P of the domain, 3, is the external angle between the two incident edges belonging to P

Formulas (24.3) and (24.4) show that the curvature of a closed polygon can be
defined as the sum of the angles done by two consecutive edges, by analogy with the
smooth definition. Note, however, that we do not mimic the curvature of a smooth
curve in B3, but the geodesic curvature of a smooth curve on a surface.

The reader will localize these formulas without difficulties.

24.3 Surfaces and Bounded Domains in E>

We deal here with smooth surfaces or two-dimensional polyhedra with or with-
out boundaries, embedded in E3. When they are closed, they can be considered as
boundaries of (bounded) domains. By a technique similar to that used for curves,
we study their normal cycles.

24.3.1 The Normal Cycle of a Bounded Domain

Let C be a domain of E* whose boundary is a closed surface:

e If the surface is smooth, then its normal cycle N(C) is nothing but the cycle whose
support is the unit normal bundle of C.

e We suppose now that the boundary of C is a (closed) two-dimensional (triangu-
lated) polyhedron T

— Note that if C is a simplex, then it is convex and its normal cycle is the cycle of
E? x S? defined by the (smooth oriented closed) surface of E? x S? given by

{(m,&) € E* x §? such that < mn,& ><0,Yn e C}.
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— In general, C is a union of simplices. Hence, its normal cycle can be obtained
by computing the normal cycle of each simplex and by using the additivity
formula (20.1). Consequently, N(C) can be decomposed as a sum of three
currents: N/(C) over the faces, N¢(C) over the edges, and N"(C) over the
vertices of C:

1. Over a face f, the support of N/(C) is the set of points
{(m, &) € B3 x $*,m € f, unit vector normal to C at m.}
2. Over an edge e, the support of N¢(C) is the portion
exCeR’ x§?

of a cylinder, where C is the arc of a circle of S? defined by the unit vectors
delimited by the normals of the two faces incident to e. If e is convex with
respect to C, then N¢(C) above e can be identified with the current defined
by integration over this portion of the cylinder, endowed with the canonical
orientation and with multiplicity +1.

3. Over a vertex v, the support of N"(C) is a portion of the unit sphere v x S?,
and NY(C) above v can be identified with a linear combination of currents
defined by integration over portions of the unit sphere over v, endowed with
correct multiplicity. More precisely, the multiplicity of each point & of the
unit sphere over v is the index of v with respect to £, i.e., the integer

“(V7h) = Z(St+(v7h))7

where x (St™ (v, h)) is the Euler characteristic of the union of relative interi-
ors of cells of C incident to v and lying in the half-plane {x :< v¥,h >> 0}
(see [8] for a general study).

24.3.2 The Mass of the Normal Cycle of a Domain in E>

Using Sect.24.3.1, we can easily evaluate the mass of the normal cycle of C. To
apply Theorem 70, we localize our computations:

e If the boundary of C is a smooth surface S, then the mass M(N(C)) is the area of
its (two-dimensional) unit normal bundle. It is interesting to localize this result
as follows: let B be a Borel subset of S. Then, M(N(C)\BxE3) is the area of the

restriction (to B x E?) of the support of N(C).

e If the boundary of C is a triangulation T, then the mass M(N(C)) can be com-
puted by decomposing N(C). Let us localize the computation by considering
the interior B of a finite union of triangles of 7, and evaluating the mass of
N(C)| B Using the previous decomposition of the normal cycle, we decom-

pose this mass into three terms:
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1. The mass over the faces: M(Nf(c)|BxIE3) is the area A(B) of B.
2. The mass over the edges: M(N¢(C )\BxE3) is the sum over all the edges e of

B of the products /(e)|Z(e)|, where /(e) denotes the length of the edge e and
|Z(e)| denotes the absolute value of the angle between the normals of two
incident faces to e lying in B.

3. The mass over the vertices: we begin with the evaluation of the mass
M(NV(C)|BxE3) of the normal cycle over a vertex v € B. Decomposing

the sphere v x S? over v as a disjoint union of Borel subsets U,; on which
the multiplicity u(v,h) is constant when h varies, and denoting by p,, this
constant, we have

M(N'(0), ) Z|uv,|A ) (24.5)

and
M(N'(C) ) = ZM (N'(C) - (24.6)

Finally, with the previous notations,

M(N(C) ;) = AB) + X 1(e)|(e)| + X Y1 |AWU)- (24.7)

eCB veEB i

Globally, by taking B =T, we obtain

M(N(C)) = A(T)+ Y 1(e)|£(e)| + L} 1 | A(Uy,)- (24.8)

24.3.3 The Curvature Measures of a Domain

Let C be a compact domain of [E? and let B be a (bounded) Borel subset of E>. To
simplify, we assume that B C dC. Let us evaluate the invariant forms Wy, Wy, W, on
B x E? in two different situations: when dC is smooth and when dC is a polyhedron:

e In both cases, the evaluation of M gives
M§(B) =< N(C) g2 Wo >= A(B). (24.9)

e The evaluation of M gives:

— If the boundary of C is the smooth surface S,

MS(B) =< NC) oW1 >= /BHda. (24.10)
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— If the boundary of C is the triangulation 7,

Mf(B):<N(C)‘BXE3,W1>: Y, le)L(e), (24.11)
e edge B

where Z(e) denotes the angle between the normals of the two triangles inci-
dent to e, endowed with the suitable sign.

e The evaluation of M, gives:

— If the boundary of C is the smooth surface S,

MS(B)=<N(C), . 13, Ws >:/BGda. (24.12)

[BxE

— If the boundary of C is the triangulation 7,

B V2 >= Y Ya), (24.13)

v Vertex €B i

MS(B) =< N(C)

ie., Mg (B) is the sum over all vertices p lying in B of the angle defect at v.
Globally, by taking B = S or T, one finds:

e If the boundary of C is the smooth surface S,

Mo(C) =< N(C), Wy >= A(S),
Mi(C) =< N(C), W) >= /SHda, 214
Mo(C) =< N(C), Wy >= /SGda — ().

e If the boundary of C is the triangulation 7,
Mo (C) =<N(C),Wp >= A(T),
MO =<NO)W >= ¥ Ie)Z(e), @415

eedge cr

where Z(e) denotes the angle between (the normals of) the two triangles incident
to e, endowed with the suitable sign resulting from the additivity formula (20.1):
the sign of Z(e) is positive if e is convex and negative if it is concave.

My(C)=<NC) W >= Y Y ai(v) =x(T), (24.16)

v vVertex €7 i

i.e., M5 (C) is the sum over all vertices v lying in T of the angle defect at v.
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24.4 Second Fundamental Measure for Surfaces

The expression of the vector-valued form h (defined in Chap. 22) can be much sim-
plified for surfaces in E3 by using the vector product. We still use the notation of
Sect. 24.3.3. One has the following result (see [35] for detail).

Proposition 21. Ler X and Y be two (constant) vectors of B> and let (p,E) be a
point of B> x E3. Then
Xy _
h(p,é) =(ExX)NY. (24.17)
In this proposition, X is the standard vector product in E*. Moreover, the vectors
X and Y are identified with the 1-forms < X,. > and < Y,. >, where <, > denotes
the scalar product of E3. As in the general case, the expression of the associated
measure for a smooth surface S bounding a domain C is

hi"(B) =<N(C),x, mh®" >

BxE

(24.18)
= /Bhs(prTSX,prTSY)de7
where B denotes a Borel subset of S and &g denotes the second fundamental form
of S.
The expression of this measure for a (triangulated) polyhedron 7 bounding a
domain K of E? is

nY(B) =< N(K), 2, gsh™" >
_ ¥ @[(ﬁ(g)—sinﬁ(e))<e+,X><e+,Y> (24.19)

eedge of 7
+(B(e)+sinB(e)) <e , X ><e ,Y >)],

where e™ (resp., e”) denotes the normalized sum (resp., difference) of the unit out-
ward normal vector to the triangles incident to e and, as usual, (e) denotes the
angle between these normal vectors. The sign of this angle is important for explicit
computations: it is positive if the edge e is convex, and negative otherwise.

It must be remarked that hr(B)(X,Y) is symmetric in (X,Y). This implies that
h7(B) can be diagonalized. One gets generically three different eigendirections:
the one associated to the smallest eigenvalue can be called the estimated normal
vector field of B and the two others can be called its principal directions, by analogy
with the smooth case. By integrating these two directions, one gets curves on the
polyhedron which can be called lines of curvatures. We insist on the fact that this
last approach is generic: if the rank of hy(B) is 1, one cannot detect a particular
smallest eigendirection to define the normal vector field.

Remark When dealing with triangulations, it may be simpler to introduce a slightly
different vector-valued form which gives simpler results: let us consider the form
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h)s = XA(ExY). (24.20)

Then, its evaluation on the normal cycle of a smooth surface S gives

hs(B)(X.Y) =< N(8),x,, ph"" >

(

. (24.21)
= /B hS(jprTSX7 jprryY )dvs

for every Borel subset of 3, where hg denotes the second fundamental form of S
and j denotes the almost complex structure defined on each tangent plane of S. In
other words, at any point m of S, if the matrix of hg is

MO
0 A

in a suitable frame, then the matrix of Ag(j., j.) written in the same frame is

A O
0 A )"
This is equivalent replacing hg by (Trace(h)Id — hyy). Although this seems to be

a little more complicated in the smooth case, it is simpler for polyhedra: if 7 is a
(triangulated) polyhedron and B is a Borel subset of E*, then

hr(B)(X,Y)= Y = Ple)length(eNB) <& X >< €. ¥ >. (2422
eedgeof T



Chapter 25
Approximation of the Curvature of Curves

We have seen in Chap.?2 that the curvature of a smooth curve is the limit of se-
quences of the curvature of polygons inscribed in it, and tending to it with respect to
the Hausdorff topology. We deal now with the problem of the approximation of the
curvature of a smooth curve by the curvature of curves or polygons (not necessarily
inscribed in it), close to it.

25.1 Curves in E2

Let us begin with the case of a curve in the (oriented) Euclidean plane E2. The
problem is quite simple: let
y:[0,]] — E2
s = 1s)
be a regular curve (parametrized by the arc length). Let € be a sufficiently small real
number. We have seen in Chap. 2 that the map

0:10,e] —]0,2x]

2 e (25.1)
(which associates to each s € [0, €] the angle 0(s) € [0,27[ made by the (unit) tan-
gent vector field #(s) with the Ox-axis in E?) satisfies

€
/ Kk (s)ds = 6 — 6o,
JO

where « is the signed curvature of the curve y. An approximation of this integral is
then equivalent to an approximation of these tangent vectors at the end points.
Globally, one can define the map

0:0,1] — ~R
s — 0(s),

241
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Fig. 25.1 The global signed
curvature of a plane curve is

4

the (algebraic) angle (on Sl)
between the tangent vectors at
the end points. Consequently, A
a good approximation of
top and ¢; induces a good
approximation of the global
signed curvature

to gl

Sy
to

Fig. 25.2 The global signed curvature of this plane curve equals 67 + 7, since the rotation number

equals 3. The approximation of the global signed curvature needs the knowledge of the rotation
number of the curve

which satisfies .
/ K(s)ds = 6, — 6y,
0
where the angle 6 can be written as
0(l) =2nl+38,

I being the (algebraic) rotation number of the curve (see Sect. 2.4.3) plus a remain-
der 8. Consequently, one gets trivially an approximation of the global signed cur-
vature of a plane curve 7y if one knows the integer / and if one can approximate the
tangent vectors at its end points (Figs. 25.1 and 25.2).

25.2 Curves in E>

Let us now consider a regular curve

y:[0,]] - E?
s — Y(s),
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parametrized by the arc length, and let
1:[0,]] — S?

be its (unit) tangent vector field (here, we identify # with the Gauss map of y). By

definition,
[ [
/ k(s)ds = / 1 (s)|ds.
0 0

In other words, the integral of the curvature k of 7 is the length of the curve ¢’ €
S? C B3
Suppose now that
c:[0,]] —» E?
is a curve “close” to y. Let us consider two situations:

1. If ¢ is smooth and regular, it can be parametrized by the arc length. Let 7 be its
unit tangent vector field identified with the Gauss map

7:[0,1] — %

The integral of the curvature is the length of the curve 7. Let us consider the
curves  and 7 as curves in E>. If 7 is closely near 7, the general Theorem 43 can

be written as
COS Dyax / / €OS i / !
k(y k(o). 252
[EYE) S T=a® b 1O @2

where @y (7) is the relative curvature of the curve 7 with respect to the curve ¢ and
Omax (resp., Omin) denotes the maximal (resp., minimal) angular deviation of the
curves 7 with respect to 7 (see Definition 34):

e Let us evaluate oy (7). By definition,

@ (7(u)) = |pr(7(u))7(u) k(pr(7(u)))

at each point 7(u),u € [0,] (where pr(f(u)) denotes the orthogonal projection
onto the curve 7 of the point 7(«) and K is the curvature function of the curve
t). Moreover,
a(f) = sup ay(7)(u).
ue(0,/]
Considering the curve ¢ as a curve in 3, let us evaluate its curvature k.
We have
A
o'
Since
' =kn, " =Kn—ktb+kt



244 25 Approximation of the Curvature of Curves
(where ¢, n,b are the Frnet frame of y and 7 is the torsion of ), we deduce that

11
k= (k*+1%)2k3. (25.3)

Then

ey

) [Pr(E(u))(u)]. (25.4)

"U =

o () = sup (K*+7%) %k

ue[ovl_]
e Let us evaluate the angular deviation function @. At each point 7(u), @, de-
notes the angle é(tlli)l‘(f(u))’ft/(u))’ i.e., the angle between the two principal nor-

mals ng and n'(u), if s is the point of [0,1] such that pr(7(u)) =t(s).

2. Suppose now that Y is approximated by a polygonal line P = viv,...v,. Let
e1,...,ep—1 be its (oriented) edges. As we have seen in Definition 5, the image
of an edge e of P by its Gauss map G is the unit vector of S parallel to e (with
the same orientation). If ¢; and e; ;| are two consecutive edges on P, then the
length of the arc of the great circle on S? joining G(e;) and G(e;; 1) is the an-
gle Z(e;,eir1). Consequently, the union of these arcs is a (continuous) curve C
whose length is nothing but the sum of the angles between consecutive edges of
P. By Definition 2, the curvature of P is the real number

n—1

K(P) =Y Z(eieir1). (25.5)

i=1

Hence,
K(P)=1(C). (25.6)

Suppose that C is closely near . Comparing /(C) and /(¢) and still using (14.2),
we get
Ccos wmax / k COS Win

e < a0 P (25.7)

where @, (C) is the relative curvature of the curve 7 with respect to the curve ¢
and @pax (resp., Wmin) denotes the maximum (resp., minimum) of the angular
deviation function of the curves C with respect to ¢.

The effective evaluation of @ (C), @max, and Dy is similar to the one studied
in the first item, concerning the regular case.

Appendix: Comparing the Principal Normal Vectors

We summarize now approximation results which are often used in different prob-
lems concerning curves.
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Fig. 25.3 B, is the angle
between the tangent vectors at
p and g of the curve v. In this
picture, the curve is planar

Comparing the Tangent Vectors of a Smooth Curve

Consider a smooth regular curve v in EV. Proposition 22 bounds the angle between
the tangent vectors of two points of 7. It is a direct application of the mean value
theorem.

Proposition 22. Let ¥ be a smooth regular oriented curve in EN, with end points
p and q. Then, the angle By, € [0, 7] between the tangent vectors at p and q of y
satisfies
. Brg _ hymal(7)
rq < max
sin == < ==
where ky, . is the maximal curvature of 'y and () is the length of v (Fig. 25.3).

, (25.8)

Denoting by 7 the unit tangent vector field of 7,
(@) —1(p)| <1(y) sup |—].

Since |%| = k, one deduces Proposition 22.

Comparing the Principal Normal Vectors of a Smooth Curve

Analogous bounds can be found if one compares the principal normal vectors at
different points of a smooth curve. As in the previous section, it is a consequence
of the mean value theorem. Consider a smooth regular curve y in EV with (unit)
tangent vector field 7. One can construct a generalized Frénet frame (see the Frénet
equations (2.14) for curves in [E3). The first vector fields of this frame satisfy

dr

— =kn,

ds (25.9)
n _ + ki

ds ’

where #,n,7 are orthonormal vector fields. The function & is called the second cur-
vature and i is called the second principal normal vector field of .
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Fig. 25.4 B, is the angle
between the principal normal
vectors at p and g of the
curve Y. Here, the curve is
planar

Theorem 75. Let ¥ be a smooth regular oriented curve in EN, with end points p
and q. The angle By, € [0, 5] between the principal normals at p and q satisfies

Sin(ﬁpq) S ( krznax +I}%ﬁax)l(}/)v (2510)

where kuyax is the maximal curvature of 7y, kmax is the maximal second curvature of 7,
and 1(y) is the length of y (Fig. 25.4).

The proof is a direct consequence of the mean value theorem:

Using (25.9), one deduces (25.10).
If N=2, kisnull. If N = 3, k is the torsion 7 of y and 7 is the binormal vector
field. Consequently, with the usual notation, we obtain the following result.

Corollary 17. Let y be a smooth regular oriented curve in EV, with end points p
and q:

1 IfN=2,
$in(Bpg) < kmaxl (7). (25.11)

Sin(ﬁpq) S ( \/ krznax + Tr%lax)l(y)' (2512)

2.IfN =3,

A Bound Involving the Deviation Angle

We now deal with a curve approximated by its chord.

Theorem 76. Let y be a smooth regular oriented curve in EN, with end points p
and q. The deviation angle Oimax of the chord pq with respect to y satisfies
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Fig. 25.5 The three angles «, 3, and 6

« 3 3 ky | PG
anga S Zkymaxl(y) <2 Ymax‘pq‘

. 25.13
=11 w(pg) .19

sin

Proof of Theorem 76 With the same notation, at each point m of ¥, we have

a IZi
ZSiIlim:Vm*j‘
2 P4l

pq

<ltm = tp| + [ty — =

o IP_éI

ﬁp
ﬁp

(25.14)

—|—251n—

=2
sin —— >

< 2sin—— +2sin,.

Now, since the problem is symmetric in p and ¢, we can assume that the length
of the curve between p and m is less than or equal to half the length of the curve 7.
We deduce from (25.8) that

N Brznp < Ko L(7) -

si 4

On the other hand, (14.4) implies that

< k}’maxl(’}/) )

sin 6, 5

Since (25.14) is true for every point m € Y, we deduce the left inequality of
Theorem 76. The right one is deduced from (14.3) (Fig.25.5). O



Chapter 26
Approximation of the Curvatures of Surfaces

This chapter applies our general approximation Theorem 71 for surfaces in E>.
In Sect. 26.1, we deal with a surface S approximated by another one, closely near it.
In Sect. 26.2, we assume that the approximating surface is a triangulation. Finally, in
Sect. 26.2.3, we assume that the triangulation is inscribed in S. We get sharper and
sharper approximation and convergence results [34], [35].

26.1 The General Approximation Result

In Chaps.21 and 22, we gave a general approximation result for the curvature
measures and the second fundamental measure of a (smooth) hypersurface of EV
approximated by a geometric subset. This result depends inter alia on a good evalua-
tion of the mass of the corresponding normal cycles. Using the notation of Chaps. 21
and 22 and simply putting N = 3 in the general Theorems 71 and 74, we get the cor-
responding result for surfaces in E>.

As usual, let us assume that }V is a weakly regular geometric subset of E*, which
bounds the geometric subset K of E? in the sense of Definition 48. Moreover, as-
sume that W is closely near a smooth (closed) surface S which bounds a compact
domain K, as defined in Definition 33.

Since N = 3, the general theory allows us to define three curvature measures
(Mo, M1, and M>) and the second fundamental measure h:

e The curvature measure My is nothing but the area A.
e The curvature measure M is the mean curvature measure.
e The curvature measure M, is the Gauss curvature measure.

To be more intuitive, we put

My =M, Mg=Ms,.
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The explicit expressions for My and Mg are given in Chap. 21. We already gave in
Chap. 15 an approximation of the area of a surface. Let us focus our attention now to
the approximation of the curvature measure My, Mg and the second fundamental
measure h.

Theorem 77.
A (B) — M (B)| <
Fony 8
(-4 ) 3 L MONOG) )+ MON )
pry (B Ts B
M (8)~ ME(B)| <
-+ ) o L MONOG) )+ MONE )
er B B
[hic(B) —hx(B)| <
(6 +a)[w]2(M(N(IC) 3) +M(IN(K  3)))
BB S8/ hpr, (5)| 1E E) )

26.2 Approximation by a Triangulation

Theorem 77 is interesting if one can bound the involved normal cycles. If the
approximating surface is a (closed oriented) triangulation 7 bounding a domain
C in E3, this is quite easy. It is the goal of Sect. 26.2.1.

26.2.1 A Bound on the Mass of the Normal Cycle

The following (local) theorem shows that one can bound this mass by using the
natural invariants involved in the geometry of the triangulation, together with the
angular deviation. We need some notations. As before, B denotes the interior of a
union of triangles of 7. Moreover:

o denotes as usual the angular deviation between B and pr(B).

Ip denotes the sum of the lengths of the edges of T lying in B.

n° denotes the maximum number of edges having a common vertex in B.
n” denotes the number of vertices of 7" lying in B.

155 denotes the length of dB.

n"? denotes the number of vertices of dB.

In addition, we use the notation N¢, N¥ defined in Sect. 24.3.3.
The following theorem gives a bound on the mass of the normal cycle of a trian-
gulation.
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Theorem 78. The mass of the normal cycle of C is bounded as follows:

1. M(NE(C)

B E3) <2aplp.

M(N'(C ) ) <d4rsin® Lign'n’.
(N(C)‘B Ez) A(B) +2aplg +4msin® L ign'n’.
M(

IN(C) ) < Lo+ 2an'™.

Proof of Theorem 78

1.

Over an edge e, the support of the normal cycle is reduced to a portion of cylinder,
which can be identified with the product of e by an arc of circle c of the 2-sphere
S%. The angle spanned by any point of ¢ with the normal & of the surface at any
vertex of e is smaller than a. The result follows by summing over all the edges
of B.

Over a vertex v, the support of the normal cycle lies in v X S?. We bound its mass
as follows: consider two adjacent faces belonging to the 1-ring of v. The normals
of these two faces span with &, a geodesic triangle in S?> whose area is smaller
than 47 sin? %. Moreover, the mass of the normal cycle over v is smaller than
the sum of the areas of these geodesic triangles. Since the 1-ring of v contains a
number of edges less than or equal to n°, the mass of the normal cycle over v is
smaller than n¢ 0612;. Now, since B contains n” vertices,

v . 2 OB Ve
M(N (C)|B><E3) <4msin 713n n‘.

. Since the normal cycle over a face can be identified with the face itself, one gets

part (3) by summing the terms over the faces, the edges, and the vertices.
The boundary of N(C)|B><]E3 is composed of edges corresponding to the edges of

dB, and arcs of circles above the vertices belonging to dB. We deduce part (4).
d

26.2.2 Approximation of the Curvatures

We can now approximate the curvature measures of S with the curvature measures
of T, as an immediate consequence of Theorem 67.

Theorem 79. Let K be a compact subset of E> whose boundary is a smooth (closed
oriented embedded) hypersurface S. Let C be a compact subset of B> whose bound-
ary is a triangulation T closely near S. Let B be the interior of a union of triangles

of T. Then,
| MG (B) — M (pr(B))| <
2max (83, ap)(CPEL 18D 2 4 gy 4 201y +0) + 4 sin? L 4 1pp):
1— og|g)| 2
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IMG(B) = MG (pr(B))| <

supp(1,[h5|)

V2(A(B) + 205 + 0% ) + 4sin® P 1 1)
1 — Oplhsg|

max (g, o) ( >

[h(B) — ¥ (pr(B))| <

supp(L, [h])

max (g, o) 1 — &g |hp|

.2 O
)2(A(B) +203(lg +n"%) + 47 sin’ TBn“ +1yp).

26.2.3 Triangulations Closely Inscribed in a Surface

Let us now make a stronger assumption: the triangulation is closely inscribed in the
surface S. We have seen in Chap. 15 that, under this assumption, one can control the
angular deviation in terms of the shape of the triangles of 7. Let us give a simpler
version of Theorem 79, introducing the circumradius r(7) of each triangle 7 of the
triangulation.

Theorem 80. Under the assumption of Theorem 79:

o |M(B)— M (pr(B))| < CsKe,
o |[ME(B)— Mg(pr(B))| < CsKe,
o |[h¢(B)—X(pr(B))| < CsKe,

where:

o Cs is a real number depending only on the maximum curvature of S.

e K= ZteT,tcE r(t)z + Ztez,tCE,tmaByé@ r(t).
o ¢ =max{r(t),r € T,t CB}.

We will see in Chap. 27 that, in several cases, the number K can be bounded
from above, implying that the curvature measures of a sequence of increasingly fine
triangulations of a smooth surface converge to those of the smooth surface.

Remark These theorems can be interpreted as follows: suppose that one deals with
a triangulated mesh 7'. This mesh can be considered as the approximation of an
infinity of smooth surfaces S. Although it is in general impossible to evaluate the
geometry of S without other assumptions, Theorems 79 and 80 claim that every
smooth surface S, in which T is closely inscribed and

e whose normal vector field is close to the normal of the faces,
e whose second fundamental form is “not too big,”

has a local geometry close to that of 7. Moreover, the error between the mutual
curvatures is bounded by an explicit constant depending on the intrinsic geometry
of T and on the two previous assumptions.



Chapter 27
On Restricted Delaunay Triangulations

We deal here with particular approximations of smooth curves or surfaces in EV
(N =2 or N = 3): those which arise from Voronoi diagrams and Delaunay trian-
gulations of EN. Although everything can be done in any dimension, we restrict
ourself to E2 and E> for simplicity. We refer to [16, 18, 19,38] for a large and deep
study of Voronoi diagrams, Delaunay triangulations, and more generally for surface
reconstruction.

27.1 Delaunay Triangulation

27.1.1 Main Definitions

A sample S denotes simply a subset of points of EV (which can be finite or infinite).
In this section, we assume that the points of S are finite and in general position, i.e.:

e If N =2, no subset of four points of S lies on a same circle of E2.
e If N =3, no subset of five points of S lies on a same sphere of E>.

We defined the notion of triangulation in Chap. 6. We improve it a little by defining
a triangulation associated to a finite set of points.

Definition 55. Let S be a finite set of points of EV. A triangulation of S is a sim-
plicial cell complex embedded in EV whose set of vertices is S, and such that the
union of its cells is the convex hull conv(S) of S.

Using Sect.4.1, we can define the Voronoi diagram Vor(S) associated to any
sample S of EV, as a cell decomposition of EV into convex tetrahedra (or triangles
if N = 2). The Delaunay triangulation associated to the Voronoi diagram of S is a
particular triangulation of S, dual to Vor(S).

Recall the classical definition of duality between cell complexes: two cell com-
plexes V and D are dual if there exists an involutive correspondence between the
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faces of V and the faces of D that reverses the inclusions, i.e., for any two faces f
and g of V, their dual faces f* and g* of D satisfy

fcg=g Cf"

Suppose for instance that N = 3. If f is a face (of any dimension k(0 < k < 3))
of the Voronoi diagram of a sample S, all points of the interior of f have the same
closest points in S. Let Sy C S denote the subset of those closest points. The face
dual to f is the convex hull of Sy. Its dimension is 3 — k.

Definition 56. The Delaunay triangulation Del(S) of S is the simplicial complex
consisting of all the faces dual to Vor(S).

If we restrict our attention to E3, we can simply claim that the Delaunay trian-
gulation associated to S is the simplicial complex whose vertices are the points of
S and which decomposes the convex hull of S as follows: the convex hull of four
points of S defines a three-dimensional cell if the intersections of the corresponding
Voronoi cells are nonempty.

As before, one defines the Delaunay tetrahedra, Delaunay faces (or triangles),
and Delaunay edges. The Delaunay vertices are nothing but the points of S.

If S is in general position, then Del(S) is a triangulation of S in the sense of
Definition 55.

The reader may adapt these considerations if the sample S lies in E2.

27.1.2 The Empty Ball Property

We still assume that S lies in E*. As an obvious consequence of the definition, the
(relative) interior of a Voronoi k-face f is the set of points having exactly 3 —k+ 1
nearest points of the sample S. Consequently, there exists a ball empty of points of
S, whose boundary is a sphere containing the vertices of the simplex f* dual to f.
One says that the simplex f* has the empty ball property. Any Delaunay tetrahedron
corresponds a unique empty ball. However, there is a continuous family of empty
balls corresponding to a Delaunay face (triangle) or Delaunay edge. The following
proposition characterizes the Delaunay triangulations in terms of the empty ball

property.

Proposition 23. A triangulation T of a finite set of points S is a Delaunay triangu-
lation of S if any 3-simplex of T has a circumscribing 2-sphere that does not enclose
any point of §. Any 3-simplex with vertices in S which can be circumscribed by a
2-sphere that does not enclose any point of S is a face of a Delaunay triangulation

of S.

As before, the reader may adapt these considerations if the sample S lies in E2.
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27.1.3 Delaunay Triangulation Restricted to a Subset

Let S be a (finite) sample of E> and let X be any subset of E3.
Definition 57.

1. If f is any k-face of Vor(S), f N X is called the restriction of f to X.

2. The subcomplex Vor|x (S) of all nonempty restrictions of faces of Vor(S) to X is
called the restriction of Vor(S) to X.

3. The restriction to X of the Delaunay triangulation Del(S) is the subcomplex
Dely (S) of Del(S), which is the union of the k-faces of Del(S) (0 < k < 2)
whose dual Voronoi (3 — k)-faces intersect X.

The main problem is to know if this new triangulation Dely (S) is a “good ap-
proximation” of X (in a sense to be specified). This is the objective of Sect.27.2.
It will essentially depend on the position of S with respect to X. Let us restrict our
attention to the case of surfaces (Figs. 27.1 and 27.2).

Fig. 27.1 Delaunay triangu-
lation of a point set sampling
a smooth curve. Edges of the
restricted triangulation are
shown as solid blue lines,
other Delaunay edges of the
Voronoi complex are shown
as red lines. This image is
courtesy of Steve Oudot,
LN.R.ILA. Geometrica

Fig. 27.2 Restriction (in blue)
of a Delaunay triangulation
to a smooth algebraic surface
(in green). Voronoi edges are
shown in red. This image

is courtesy of Steve Oudot,
LN.R.ILA. Geometrica
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27.2 Approximation Using a Delaunay Triangulation

As we have seen in Chap. 26, the approximation of the geometric invariants of a
surface by another close surface is “good” if the corresponding normals are “close.”
If a smooth surface S is approximated by a Delaunay triangulation restricted to it, as
constructed in the previous sections, we must ensure that the normals of the faces of
the triangles are close to the normals of the surface S (at the corresponding points).

27.2.1 The Notion of e-Sample

In a series of papers, Amenta et al. [5, 7] gave sufficient conditions for a sample of
points on a surface to be interesting, in terms of the local feature size 1fs defined in
Chap. 4. Let us summarize them.

Definition 58. Let € be a real number such that 0 < € < 1. A set of points S on X
is an g-sample of X if and only if, for every point m of X, the ball B(m, €lfs(m))
encloses at least one point of S.!

An g-sample of X will generally be denoted by S.

27.2.2 A Bound on the Hausdorff Distance

27.2.2.1 The Case of a Smooth Curve of EY

Let ¢ be a smooth (connected) curve of E and let S be a sample of c. We say
that S is in natural position with respect to c if it satisfies the following (natural)
conditions:

e S contains at least three points and two of them are the end points of c.
e No vertex for Vor (S) lies on S.

If an e-sample S, of a curve c is in natural position, then Del.(S;) tends to 0
with €. More precisely, we have the following result.

Theorem 81. Let ¢ be a smooth (connected) curve of EN and let S¢ be an g-sample
of ¢ in natural position. Then, Del.(S¢) is a polygonal curve homeomorphic to c,
and the Hausdorff distance between c¢ and Del (S ) satisfies

d(Del.(Sg),c) < 2esuplfs(m).

mec

The proof of this theorem, its improvements, and related results can be found
in [6, 16, 39].

! The reader must be careful: some authors replace B(m, elfs(m)) by B(m,€) in Definition 58,
which implies confusion in many theorems. We will only use Definition 58 in this chapter.
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27.2.2.2 The Case of a Smooth Surface

The previous result can be extended to surfaces in [E3. Boissonnat and Oudot [17]
proved the following theorem.

Theorem 82. Let S be a smooth surface in B> and Sg be an e-sample of S. Then, if
€ <0.18:

1. Delg(S;) is closely inscribed in S (and consequently, S and Sg are homeomor-
phic).
2. Moreover; the Hausdorff distance between Dels(S;) and S satisfies*

d(Delg(Se),S) < 4.5 suplfs(m).

meS

27.2.3 Convergence of the Normals

The following result shows that if € is smooth enough, then the restricted Delaunay
triangulation associated to the sample S is “in good position.”

27.2.3.1 The Case of a Smooth Curve

For curves, the following classical result (see for instance [38, Lemma 2.4, p.29])
shows that the angular deviation between a smooth curve ¢ and Del.(S;) tends to 0
with €.

Theorem 83. Let ¢ be a smooth (connected) curve of E* and let Sg be an €-sample
of ¢ in natural position. Then:

1. The angular deviation Omax of Del.(Sg) with respect to ¢ satisfies

. €
S1N Olpax S E

2. In particular,
Omax = O(€).

27.2.3.2 The Case of a Smooth Surface

Theorem 83 can be extended to surfaces [5,38].

2 There is a slight difference between Theorem 82 and Theorem 4.5 of [17], in which € must be
smaller than 0.091. This is due to the fact that the authors introduce and deal with the concept of
loose e-sample, weaker than the usual one.
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Theorem 84. Let S; be an €-sample on S. Then, the angular deviation O, of
Dels(Sg) with respect to S satisfies

Omax = O(€).

27.2.4 Convergence of Length and Area

By definition, the length of a smooth curve is the supremum of the lengths of the
polygonal lines closely inscribed in it. We have seen many times that this result has
no immediate generalization to surfaces (see the Lantern of Schwarz in Chap. 3).
However, if we restrict our attention to €-samples, we have easy convergence theo-
rems: as an immediate consequence of Theorem 84, we get the following result.

Theorem 85. Let S be a closed surface of E>. Let Delg(Se) be the restricted Delau-
nay triangulation of an €-sample Sg with respect to S. Then

lim A(Dels(Se)) = A(S).

27.2.5 Convergence of Curvatures

Unfortunately, we cannot get further results on the convergence of the curvature
measures of Delg(Sg) to those of S without additional assumptions. In fact, to apply
Theorem 66 for instance, we need to bound the mass of the normal cycle Delg(Se).
In general, this mass is not bounded when € tends to 0 (see [35] for a counterexam-
ple). That is why we need a stronger assumption on the sample. As an example, one
can use sequences of k-light samples.

Definition 59. An e-sample S¢ on a surface S is k-light if, for every point m € S,
the ball B(m, €lfs(m)) encloses at most k-points of S (Fig.27.3).

Fig. 27.3 An e-sample S of
a closed curve in B2, where
€= %: for each point m of the
curve, the circle of center m
and radius £ 1fs(m) contains at
least one point of S




27.2 Approximation Using a Delaunay Triangulation 259

Corollary 18. Let Dels(Se) be the restricted Delaunay triangulation of a x-light
€-sample of a smooth surface S, where K is a positive real number. Let B be a Borel
subset of BN and let Be = BN Dels(Se). Then

MBS (Be) — ME (prs(Be))|
MBS By — M, (prg(Be))| = O(e), 7.1)
‘ilDels(Se) (Bg) o i’lS(prS(Be)”

We leave the precise proof to the reader.
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Fubini theorem, 99
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